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As research continues for the habitation of the Lunar and Martian surfaces, the need for
materials for construction of structural parts, mechanical components, and tools remains as a
major milestone. The use of in-situ resource utilization (ISRU) techniques is critical due to the
financial, physical, and logistical burdens of sending supplies beyond low-Earth orbit. The
Bosch process is currently in development as a life support system at the National Aeronautics
and Space Administration’s (NASA) Marshall Space Flight Center (MSFC) to regenerate oxygen
(O2) from metabolic carbon dioxide (CO2) with the byproduct of elemental carbon (C). The
Bosch process presents a possible way of regenerating O2 without the disposal of hydrogen (H2)
like the Sabatier. Ionic liquids (ILs) are also studied at MSFC as a means to harvest metallic
elements from regolith oxides and meteorites. IL technology provides an energy efficient method
of extracting critical manufacturing materials, such as iron (Fe) that could be used for ferrous
alloy production.
This dissertation seeks to explore the use of Bosch C and IL-Fe for ferrous alloy
production through a series of studies. These studies included individually using Bosch C with
commercial elements to cast low carbon steel and gray cast iron, investigating as-produced IL-Fe

in a laser-based powder bed fusion (PBF-LB) printer to determine IL-Fe metallurgical
characteristics, using the IL-Fe composition to design a ductile iron (DI) alloy of similar
performance to a commercially available DI alloy, and lastly, refining this DI alloy to produce a
DI alloy more representative of an alloy producible from IL-Fe and Bosch byproduct C in a
Martian environment. The results presented here suggest that with advances in production rate
and control of IL-Fe oxidation, and by providing a sufficient energy grid to operate equipment, a
range of high quality DI materials could be manufactured with IL and Bosch process ISRU
feedstocks.

DEDICATION
This dissertation is dedicated to my best friend, my rock, my cherished wife whose
encouragement and support has been endless since the first time I said I would be a doctor
someday, at least as far back as September 2008. While at the time I thought medical doctor, the
prefix still applies.
I also dedicate this to my late grandmother and my grandfather, parents, parents-in-law,
and the rest of my family who have only shown me love and kindness, even when I may not have
the energy left to mirror those feelings to the same degree.

ii

ACKNOWLEDGEMENTS
I first must acknowledge those on my committee. I would like to express my gratitude to
my primary advisor and chair of my committee, Dr. Hongjoo Rhee, for his invaluable guidance
and expertise, despite his already hectic schedule and obligations. I also must thank my coadvisor, Dr. Haley Doude, for her endless support, advice, and assistance over the last 5 years.
I’m also thankful for Dr. Morgan B. Abney, who of which has made this research possible
through her continued oversight in this work as well as a mentor both at Marshall, and as a Ph.D.
candidate. Lastly, I want to thank Dr. Shiraz Mujahid for his contribution to this work, despite
coming aboard later in my academic career, and for always being available to help clear up my
confusions.
This work would not have been possible without the support of the Environmental
Control and Life Support Systems group, Materials Analysis and Test Division, Science and
Technology Office, and Technology Transfer Office, and the Center for Advanced Vehicular
Systems for their support, raw material, and funding that made this all possible through NASA
Cooperative Agreement No. NNX17AB32G, NASA Cont. No. 80NSSC20M0239, and NASA
CAN No. 80MSFC18N0002.
Lastly, I want to thank the team of office and teammates for their assistance in testing,
manufacturing, feedback on wording, and, most importantly, moral support on the late nights and
long days leading up to this moment.

iii

TABLE OF CONTENTS
DEDICATION ................................................................................................................................ ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ....................................................................................................................... viii
LIST OF FIGURES .........................................................................................................................x
CHAPTER
I.

INTRODUCTION .............................................................................................................1

II.

LITERATURE REVIEW ................................................................................................10
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

III.

Financial and Logistical Barriers .........................................................................10
In-situ Resource Utilization .................................................................................13
Martian Environment and Available Resources ..................................................14
The Bosch Process ...............................................................................................16
Ionic Liquids Metal Harvesting ...........................................................................20
Steel and Cast Iron...............................................................................................23
Additive Manufacturing ......................................................................................31
Literature Summary .............................................................................................33

EVALUATION OF BOSCH PROCESS-SOURCED CARBON IN LOW CARBON
STEEL AND GRAY IRON CASTING FOR MARTIAN SURFACE
MANUFACTURING ......................................................................................................34
3.1
3.2

Summary..............................................................................................................34
Materials and Methods ........................................................................................35
3.2.1 Carbon Analysis ............................................................................................36
3.2.2 Steel and Cast Iron Characterization .............................................................37
3.2.2.1 Chemical Composition ............................................................................37
3.2.2.2 Grain Structure ........................................................................................38
3.2.2.3 Mechanical Testing .................................................................................39
3.3
Results and Discussion ........................................................................................39
3.3.1 Carbon Analysis ............................................................................................39
3.3.2 Steel and Cast Iron Characterization .............................................................42
3.3.2.1 Chemical Composition ............................................................................42
3.3.2.2 Grain Structure ........................................................................................44
iv

3.4
IV.

3.3.2.3 Mechanical Testing .................................................................................47
Conclusions .........................................................................................................60

THE NOVEL SELECTIVE LASER PRINTING VIA POWDER BED FUSION OF
IONIC LIQUIDS HARVESTED IRON FOR MARTIAN ADDITIVE
MANUFACTURING ......................................................................................................61
4.1
4.2

Summary..............................................................................................................61
Materials and Methods ........................................................................................61
4.2.1 Feedstock Material ........................................................................................61
4.2.2 Laser Sintering...............................................................................................63
4.2.3 Chemical Composition ..................................................................................64
4.2.4 Microstructure ...............................................................................................64
4.2.5 XRD ...............................................................................................................65
4.2.6 Hardness Testing ...........................................................................................65
4.3
Results and Discussion ........................................................................................65
4.3.1 Feedstock Material ........................................................................................65
4.3.2 Laser Sintering...............................................................................................69
4.3.3 Chemical Composition ..................................................................................70
4.3.4 Microstructure ...............................................................................................72
4.3.5 XRD ...............................................................................................................75
4.3.6 Hardness Testing ...........................................................................................76
4.4
Conclusions .........................................................................................................77
V.

COMPARISON STUDY OF DUCTILE IRON PRODUCED WITH MARTIAN
REGOLITH HARVEST IRON FROM IONIC LIQUIDS AND BOSCH BYPRODUCT
CARBON FOR IN-SITU RESOURCE UTILIZATION VERSUS COMMERCIALLY
AVAILABLE 65-45-12 DUCTILE IRON .....................................................................79
5.1
5.2

Summary..............................................................................................................79
Materials and Methods ........................................................................................80
5.2.1 Material Acquisition and Casting ..................................................................80
5.2.2 Chemical Composition ..................................................................................82
5.2.3 Dilatometry ....................................................................................................82
5.2.4 Microstructure ...............................................................................................84
5.2.5 Mechanical Testing .......................................................................................85
5.2.6 Continuous Cooling Transformation Diagrams ............................................85
5.3
Results and Discussion ........................................................................................85
5.3.1 Chemical Composition ..................................................................................85
5.3.2 Dilatometry ....................................................................................................86
5.3.3 Microstructure ...............................................................................................89
5.3.4 Mechanical Testing .......................................................................................93
5.3.5 Continuous Cooling Transformation Diagrams ............................................94
5.4
Conclusions .........................................................................................................94

v

VI.

EFFECTS OF NICKEL AND MANGANESE ON DUCTILE IRON UTILIZING
IONIC LIQUID HARVESTED IRON AND BOSCH BYPRODUCT CARBON.........96
6.1
6.2

Summary..............................................................................................................96
Materials and Methods ........................................................................................97
6.2.1 Alloy Design and Casting ..............................................................................97
6.2.2 Chemical Composition ..................................................................................99
6.2.3 Dilatometry ....................................................................................................99
6.2.4 Microstructure and Hardness .......................................................................101
6.3
Results and Discussion ......................................................................................101
6.3.1 Chemical Composition ................................................................................101
6.3.2 Dilatometry ..................................................................................................102
6.3.3 Microstructure and Hardness .......................................................................105
6.4
Conclusions .......................................................................................................114
VII.

DISCUSSION, FUTURE WORK, AND CONCLUSIONS .........................................117
7.1
7.2
7.3

VIII.

Discussion and Applications .............................................................................117
Future Work.......................................................................................................123
Conclusions .......................................................................................................125

STEEL AND DUCTILE IRON MANUFACTURING ON MARS – A CONCEPT ...126
8.1

Closed-Loop Manufacturing Operation ............................................................126
8.1.1 Regolith Mining and Transport ...................................................................128
8.1.2 Ionic Liquid Metal Harvesting ....................................................................129
8.1.3 Carbon Dioxide Capturing ..........................................................................129
8.1.4 Bosch Reaction and Products ......................................................................130
8.1.5 Metal Atomization and Additive Manufacturing ........................................130
8.1.6 Casting Components ....................................................................................131
8.1.7 Loop Closures via Recycling.......................................................................132
8.1.8 Summary......................................................................................................133

REFERENCES ............................................................................................................................134
APPENDIX
A.

BENCH SCALE DEMONSTRATION OF THE BOSCH PROCESS FOR CARBON
DIOXIDE REDUCTION FOR THE STEEL INDUSTRY – YEAR 2
FINAL REPORT ......................................................................................146
A.1
A.2
A.3

Project Objective ...............................................................................................147
Project Description ............................................................................................147
Year 1 Activities ................................................................................................150
A.3.1 Literature Review ........................................................................................150
A.3.2 Designing and Building the Blast Furnace and Gas Collection System .....151
A.3.3 Obtaining Raw Material ..............................................................................151
vi

A.3.4 Investigation into Carbon as Alloying Addition .........................................151
A.4
Year 2 Activities ................................................................................................152
A.4.1 Redesigning the Test Facility ......................................................................152
A.4.2 Constructing and Retrofitting a Gas Collection System..............................152
A.4.3 Blast Furnace Operation with Synchronized Gas Collection ......................154
A.4.4 Reactor Design ............................................................................................160
A.5
Project Closing ..................................................................................................161
B.

CUPOLA BLAST FURNACE OPERATION ..............................................................162
B.1
B.2
B.3
B.4
B.5
B.6
B.7
B.8
B.9
B.10
B.11
B.12
B.13

C.

Overview and Warnings ....................................................................................163
Setup ..................................................................................................................164
Weighing Charges .............................................................................................164
Make the Bottom ...............................................................................................164
Make the Slag Hole ...........................................................................................165
Lighting and Burning of the Bed .......................................................................165
Make the Tap Hole ............................................................................................165
Charging the Furnace ........................................................................................166
Soak or Preheat ..................................................................................................166
Reduction of Iron Ore ........................................................................................166
Iron Tapping ......................................................................................................167
Dropping the Bottom .........................................................................................167
Clean-Out ..........................................................................................................168

GAS COLLECTION SYSTEM OPERATION.............................................................169
C.1
C.2

Overview ...........................................................................................................170
Operation and Collection ...................................................................................170

vii

LIST OF TABLES
Table 1.1

Average Martian Regolith composition. ......................................................................6

Table 2.1

Consumables and Waste Products Per Person Per Day..............................................13

Table 2.2

Heat Flux Calculations ...............................................................................................25

Table 3.1

Chemical compositions of produced steel alloys. ......................................................43

Table 3.2

Phase fraction and grain sizes or grain structure. .......................................................45

Table 3.3

Tensile testing results for all materials cast. ...............................................................49

Table 3.4

Hardness test results for all materials cast. .................................................................58

Table 4.1

Printing parameters for PBF-LB of IL-Fe. .................................................................63

Table 4.2

ICP-MS analysis results for IL-Fe. .............................................................................66

Table 4.3

Chemical compositions of IL-Fe powders and printed plates. ...................................71

Table 4.4

Deposition thickness measurements for IL-Fe plates. ................................................75

Table 4.5

Vickers microhardness results of IL-Fe plates. ..........................................................77

Table 5.1

Composition of ELMag 5548 master alloy. ...............................................................81

Table 5.2

Chemical composition summary of 65-45-12 DI and Sim-IL-DI. .............................86

Table 5.3

Transformation temperatures of 65-45-12 DI and Sim-IL-DI. ..................................88

Table 5.4

Area phase fractions of starting materials. .................................................................90

Table 5.5

Area phase fractions of dilatometry samples..............................................................92

Table 5.6

Hardness values of DI materials. ................................................................................93

Table 6.1

Target chemical compositions for IL-DI alloys. ........................................................98

Table 6.2

Chemical compositions of cast DI ingots. ................................................................102
viii

Table 6.3

Transformation temperatures of Gleeble dilatometry tested samples. .....................104

Table 6.4

Area phase fractions and hardness values of IL-DI alloys obtained from asnormalized ingots. ....................................................................................................108

Table 6.5

Area phase fractions and hardness values obtained from Gleeble dilatometry
tested samples ...........................................................................................................114

Table A.2 Resulting gas compositions. .....................................................................................156

ix

LIST OF FIGURES
Figure 1.1 Mars Dune Alpha Conceptual Render: Visualization on Mars. ...................................1
Figure 1.2 Series-Bosch Test Stand. ..............................................................................................5
Figure 1.3 IL harvesting process. ...................................................................................................8
Figure 2.1 Plot of heat flux calculations. .....................................................................................26
Figure 2.2 Ratio of total heat flux of Mars vs. Earth. ..................................................................26
Figure 2.3 Ductile iron graphite morphologies. ...........................................................................28
Figure 3.1 Flowchart of cast alloys. .............................................................................................35
Figure 3.2 As-received commercial C sources. ...........................................................................37
Figure 3.3 Micrograph orientations. ............................................................................................38
Figure 3.4 Carbon sample XRD plots. .........................................................................................40
Figure 3.5 SEM micrographs of carbon sources. .........................................................................41
Figure 3.6 Three-dimensional images constructed from two-dimensional micrographs of
low-C alloys................................................................................................................45
Figure 3.7 Three-dimensional images constructed of two-dimensional micrographs of
cast iron alloys. ...........................................................................................................46
Figure 3.8 Tensile stress-strain curves for low-C steel samples. .................................................47
Figure 3.9 Tensile stress-strain curves for cast-iron samples. .....................................................48
Figure 3.10 Representative SEM micrographs obtained from tensile tested low-C steels. ...........52
Figure 3.11 SEM micrographs of fracture surfaces obtained from the low-C steels. ....................53
Figure 3.12 Representative SEM micrographs obtained from tensile tested cast iron. .................54
Figure 3.13 SEM micrographs of fracture surfaces obtained from the cast iron. ..........................55
x

Figure 3.14 Compressive stress-strain curves for low-C samples. ................................................56
Figure 3.15 Compressive stress-strain curves obtained from cast irons. .......................................57
Figure 4.1 IL-Fe produced by MSFC. .........................................................................................62
Figure 4.2 IL-Fe powder prepared on the build plate before printing. ........................................64
Figure 4.3 SEM micrographs contrasting particle morphology...................................................66
Figure 4.4 Powder size distribution for ground IL-Fe powder (n=3). .........................................67
Figure 4.5 XRD analysis result for IL-Fe powder. ......................................................................68
Figure 4.6 Printed disks on a build plate produced in a Renishaw AM400 PBF-LB RBV. ........69
Figure 4.7 EDS mapping of Fe and O for deposited IL-Fe (300W single layer) on steel
substrate. .....................................................................................................................72
Figure 4.8 EDS mapping of Fe and O for deposited IL-Fe (300W multilayer) on steel
substrate. .....................................................................................................................72
Figure 4.9 Microstructural images of deposited IL-Fe disks. ......................................................74
Figure 4.10 XRD data for the 300 W IL-Fe disk. ..........................................................................75
Figure 5.1 Gleeble setup for continuous cooling transformation (CCT) dilatometry..................83
Figure 5.2 Dilatometry curves of Sim-IL-DI and 65-45-12 DI. ..................................................87
Figure 5.3 Starting microstructures of DI materials. ...................................................................90
Figure 5.4 Microstructures of DI materials..................................................................................91
Figure 5.5 Microstructures of DI materials..................................................................................91
Figure 5.6 Microstructures of DI materials..................................................................................92
Figure 5.7 CCT diagrams for tested DI materials. .......................................................................94
Figure 6.1 Gleeble dilatometry setups. ......................................................................................100
Figure 6.2 Dilatometry curves obtained from the DI materials. ................................................103
Figure 6.3 CCT diagrams for DI materials determined empirically. .........................................105
Figure 6.4 Optical micrographs of IL-DI alloys etched with 2% Nital. ....................................107
xi

Figure 6.5 SEM micrographs showing coarse plate structure of bainite. ..................................108
Figure 6.6 Optical micrographs of IL-DI alloys cooled at 1°C/s and etched with Nital. ..........110
Figure 6.7 Optical micrographs of IL-DI alloys cooled at 10°C/s and etched with 2%
Nital. .........................................................................................................................111
Figure 6.8 Optical micrographs of IL-DI alloys cooled at 100°C/s and etched with 2%
Nital. .........................................................................................................................112
Figure 7.1 Gears produced. ........................................................................................................120
Figure 7.2 Pipe flange cast at MSU. ..........................................................................................121
Figure 7.3 Rebar cast at MSU. ...................................................................................................122
Figure 7.4 Hammer cast at MSU. ..............................................................................................123
Figure 7.5 Total power required to print and cast a metal component. .....................................124
Figure 8.1 Flowchart of closed-loop steelmaking operation .....................................................127
Figure A.1 A schematic of an industrial blast furnace. ..............................................................149
Figure A.2 Blast test facility. ......................................................................................................153
Figure A.3 Labeled pictures marking the important features of the blast furnace and gas
collection system. .....................................................................................................154
Figure A.4 Blast furnace components.........................................................................................155
Figure A.5 Blower adjustment valves.........................................................................................156
Figure A.6 Iron being poured from cupola furnace into sand molds. .........................................159
Figure A.7 Sample images of blast furnace tapping. ..................................................................160

xii

CHAPTER I
INTRODUCTION
With the race to return to the Lunar surface and the future landing on Mars, ISRU
technology will enable expanded exploration and colonization beyond low-Earth orbit. Due to
the inhospitable environment on these extraterrestrial bodies, numerous mechanical and
structural components will be required. There is also the astronomical costs and logistical
challenges of launching these building materials; therefore, they must be manufactured from the
local resources, i.e., in-situ resource utilization (ISRU).

Figure 1.1

Mars Dune Alpha Conceptual Render: Visualization on Mars.

Rendered by ICON [1].
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While there are many discussions around major corporations preparing for space tourism
[2]–[4], there are still significant advancements needed to make extraterrestrial travel possible.
First, there is the financial burden [5]. It was estimated that the cost of shipping cargo to the
International Space Station (ISS) is as much as approximately $94,800 per kg ($43,000 per
pound) in 2016 [6], with more recent estimates for the Dragon capsule mission being $23,000
per kg [7]. Even with the ambitious estimates by SpaceX, the plans for their Starship estimate
roughly $145 per kg ($66 per pound) for Lunar deliveries, assuming regular launches and full
payloads, with hopes for prices as low as $30 per kg [8]. The average distance to the moon is
approximately 383,000 km (238,000 miles) away [9], with Mars being a vast 234.5 million km
(145.74 million miles) [10]. Extrapolating these costs for future Martian deliveries, this payload
cost increases to $88,850 per kg ($40,300 per pound); however, this cost is likely to be much
greater due to the disparity in travel distance and technology required. These costs are not likely
feasible for substantial colonization missions due to the equipment that will be required on the
surface for in-situ manufacturing. However, providing significant public and/or political
motivation, similar to Apollo in the 1960’s, government spending to NASA could make these
price tags worthwhile. The projected cost per kg for the Commercial Resupply Services 2 (CRS2) contract estimated around $71,800/kg to the ISS [11]. So, while resupply missions may be
feasible for Mars, it will likely be the construction equipment and feedstock materials that will be
a limiting factor.
The put these estimated launch costs into perspective, the proposed NASA budget for
2023 is approximately $26 billion, less than 0.5% of the total U.S. government spending [12]. If
the entire budget was allocated to launch costs, this would allow for 292,628 kg of cargo to be
sent to Mars, assuming the $88,850/kg estimate. On Earth, the typical 1500 ft2 house weighs
2

around 150 tones (136,078 kg) [13], meaning that the equivalent of only two house shipments
could be completed with roughly $1.82 billion, 7% of the budget, remaining. Even if the budget
matched the maximum allotted to NASA in 1964, this results in approximately $58.7 billion
(adjusted) [12], this would result in four launches and $10.34 billion (18%) remaining. Some
industrial equipment will need to be launched to start the manufacturing processes, so these costs
cannot be ignored and boiled down to simply resupply of basic resources. Therefore, with
sufficient financial backing, local manufacturing operations could then be developed to construct
the habitats and additional equipment that will be required for survival while minimizing the
infrastructure and sustaining engineering costs associated with a long-term presence on the moon
or Mars. However, feedstocks for materials will not be as readily available as they are here on
Earth.
Besides the cold climate on the Martian surface, the atmosphere is not hospitable to
human life. Data from the Curiosity rover shows the atmosphere is approximately 96% (CO2)
with trace amounts of argon (Ar), nitrogen (N2), carbon monoxide (CO), and a small amount of
oxygen (O2) (1.45±0.09 %) [14]. Currently studied at the National Aeronautics and Space
Administration’s (NASA) Marshall Space Flight Center (MSFC) is the Bosch process for use as
a life support system for O2 regeneration with the byproduct of pure C (s). The Bosch process is
a closed-loop system with the only inputs required being CO2 and the output of O2 and carbon
(C) (assuming electrolysis of Bosch product water (H2O)). This process is the combination of
three reactions: the reverse water-gas shift (RWGS) reaction, CO hydrogenation, and the
Boudouard reaction, as shown in Equations 1.1-1.3, respectively. The summarized Bosch
process is shown in Equation 1.4 [15].

3

𝐶𝑂2 + 𝐻2 ↔ 𝐻2 𝑂 + 𝐶𝑂

𝐶𝑂 + 𝐻2 ↔ 𝐻2 𝑂 + 𝐶(𝑠)

2𝐶𝑂 ↔ 𝐶𝑂2 + 𝐶(𝑠)

𝐶𝑂2 + 2𝐻2 ↔ 2𝐻2 𝑂 + 𝐶(𝑠)

(1.1)

(1.2)

(1.3)

(1.4)

The Bosch process is historically limited by the C-formation stage, from Equations 1.21.3, due to pressure drop across the C-formation reactor (C-Fr), as well as the life of the catalyst
[16]. A larger C-Fr is one means to delay exceedingly high pressure drops; however, the
development of catalysts and reactor designs that minimize pressure drops as C is formed will
enhance the long-duration operation of this reactor significantly. One C-Fr at MSFC has been
constructed and showed it could produce the solid C byproduct at approximately 45 g/hr [17].
The Bosch process has been previously applied in the cement industry to reduce oxocarbon
emissions as well as using the captured C as an additive in cement [18]. Figure 1.2 shows a test
stand at MSFC that was used to investigate the Bosch process under a novel configuration that
separately optimized reaction rates for the RWGS reaction and C-formation reactions in separate,
individual reactors.

4

Figure 1.2

Series-Bosch Test Stand.

[19]
The Bosch process enables the recovery of metabolic O2 from astronaut-produced CO2,
thereby recycling O2 within the crew habitat. The same process could be used to acquire and
stockpile O2 from CO2 emissions produced in manufacturing centers and present in the native
atmosphere, with the added benefit of producing C byproduct to be used in material construction.
Stockpiled O2 could provide a source of emergency oxygen for life support as well as the oxidant
for propellant to return people and shipments back off the Martian surface. Therefore, the Bosch
process could be a viable large-scale means of supplying C for manufacturing, while also being
used for life support and propulsion.

5

Using the idea, the C emissions from Martian steel manufacturing could be converted
using the Bosch process system to obtain H2O and a C byproduct. This approach has the obvious
benefits of 1) recycling C feed stock for steel production, and 2) producing water as a usable
byproduct instead of CO2. NASA’s interest in the Bosch process for a life support system
presents a secondary benefit of utilizing the C byproduct as a primary alloying element within
steelmaking. This enables NASA to produce steel in-situ on the surface of extraterrestrial
bodies, allowing for endless possibilities for future Martian or Lunar colonies.
The other primary ingredient for steelmaking is, of course, iron (Fe). While the Martian
surface is rich in metallic elements, the regolith is composed primarily of silicate minerals
containing bound metal elements [20]–[25]. The composition of the Martian regolith at known
locations is shown in Table 1.1.
Table 1.1

Average Martian Regolith composition.

SiO2
MnO FexOy
Ni
MgO
48
0.3
15
0.019
6
±6
±0.1
±4
±0.01
±2
Composition values in wt.% [20]–[25].

Al2O3
12
±5

CaO
8
±2

Cr2O3
0.2
±0.2

Cu
.058
±0.007

Zn
0.17
±0.01

Other
Bal.

Some of the most widely utilized building materials for terrestrial applications are ferrous
alloys. Due to the significant quantity of Fe in the Martian regolith, Fe-bearing minerals could
be a worthwhile material of choice for Martian manufacturing, leveraging the plethora of
research on these materials on Earth. However, in order to use the Fe or other elements present
in the regolith, the metal(s) must be reduced to their elemental metallic forms.
To reduce Fe oxide on Earth, a blast furnace can be used. A blast furnace uses a
combination of coal, limestone, and heat to generate CO to reduce the FexOy into a usable iron

6

product, pig iron. This reduction process is shown in Equations 1.5-1.7 where CO is produced
during the combustion and gasification of coke [26].
3𝐹𝑒2 𝑂3 + 𝐶𝑂 → 2𝐹𝑒3 𝑂4 + 𝐶𝑂2

𝐹𝑒3 𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2

(1.5)

(1.6)

(1.7)

However, this process requires extremely high temperatures and energy utilization
through the combustion of coal. Indeed, there are limited energy resources on Mars, and the
production of energy is technically challenging. While nuclear energy could be a viable means
for supplying large amounts of energy, the social and safety concerns of this method could
require alternative technologies being developed. Thus, a low-energy, low-waste method of
reducing these metal-bearing materials into high purity elements could potentially result in a
more successful Martian manufacturing operation.
Ionic liquids (ILs) are currently investigated at NASA MSFC as a method of harvesting
metallic elements from regolith and meteorites on other planetary bodies, as well as from fouled
catalysts in life support systems. IL technology uses organic salts that are liquid around room
temperature to dissolve the regolith minerals and recover elemental metals via an
electrodeposition process [27], [28]. The product water can also be electrolyzed to produce
breathable oxygen (O2) and hydrogen gas (H2) that is used to regenerate the depleted IL. The
reactions of the IL process is shown in Equations 1.8-1.10 where M specifies a metal [28] and
the process of IL harvesting is shown in Figure 1.3.
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2𝐻𝑆𝑂4− + 𝑀𝑂 → 2𝑆𝑂42− + 𝑀2+ + 𝐻2 𝑂

2𝐻2 𝑂 → 2𝐻2 + 𝑂2

𝑀2+ + 2𝑒 − → 𝑀 ∥ 2𝑆𝑂42− + 𝐻2 → 2𝐻𝑆𝑂4− + 2𝑒 −

Figure 1.3

(1.8)

(1.9)

(1.10)

IL harvesting process.

(Left) An acidic IL is used to digest metal oxides, producing dissolved metal and water as shown
in Equation 1.8.
(Center) Water is electrolyzed.
(Right) The dissolved metals are electrochemically plated out of solution and depleted IL is
regenerated to its acidic state using stored hydrogen as shown in Equation 1.9.
ILs can be readily modified to harvest targeted elements for specific applications, but Fe
is the largest scale product thus far at 1-2 g Fe/day at MSFC [28], [29]. Due the range of uses,
metal selectivity, and the low energy utilization of ILs, as well as the additional benefit of O2
recovery, the use of this technology for Fe production in Martian manufacturing is promising.
Depending on the application, IL-Fe is also of interest in an additive manufacturing (AM)
environment. Traditional manufacturing methods such as casting, rolling, forging, etc. are well
8

understood, but these techniques also require significant energy input. AM allows for the
production of complex geometry without significant machining or post-processing, allowing for
low waste and low energy manufacturing. For a Martian environment, any post processing is
undesirable due to the limited energy resources that will be available on the surface. IL-Fe could
potentially be used as-produced or with minimal grinding or milling, as well as be used without
the need for further alloying due to the unique chemical composition of the material.
Do to the possible abundant availability of Fe and C, and the desire for minimal postprocessing in the Martian infrastructure, an alloy of significant interest is ductile iron, also called
nodular iron. While steel is a more popular building material, DI could potentially be used due
to its similar properties to carbon steel, but without the need for hot work. However, due to the
lack of post processing that will likely be available, more than one alloy grade of DI will be
required in order to obtain a range of material properties. Preferably, these property variations
can be created through elemental additions during casting, such as with nickel (Ni) or manganese
(Mn), as other methods of property refinement require either heat treatment, forging, or both,
resulting in increased energy utilization.
While there are considerable costs for launching building materials, extreme distances to
travel, and severe environments to weather, a multiplanetary human race could still be viable. It
is possible that the components, tools, and structural feedstocks required could be manufactured
on the extraterrestrial surfaces using local materials via ISRU techniques.
It is my hypothesis that if IL-Fe can be produced in sufficient quantities, and the Bosch
process byproduct carbon can be successfully alloyed into ferrous alloys, that a range of suitable
DI materials can be manufactured utilizing IL-Fe and Bosch C with properties similar to those
produced terrestrially with traditional materials.
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CHAPTER II
LITERATURE REVIEW
2.1

Financial and Logistical Barriers
Mars is the most viable candidate for extraterrestrial colonization of the nearby planetary

bodies. Mars has an atmosphere and possible sources of water [30]. The Martian surface also
has temperatures that can be overcome by suitable habitats (-140°C to 30°C, [31]), while Venus
is a scorching 900°C (475°C) [32].
While Mars may be the best candidate due to its tolerable climate and sources of water,
significant development of oxygen production, construction materials, and energy systems are
required in order to sustain the required habitats and facilities for humans. Two important
considerations for a sustained human presence on Mars are the technical challenges to be
overcome and the corresponding costs. SpaceX is the only commercial space company to
deliver both cargo and crew to the International Space Station (ISS) and are currently involved in
both Lunar and Martian surface missions [2]. Additionally, Blue Origin is working on creating a
space economy for civil and commercial customers, alike [3]. Other significant developers for
space technology include Boeing, Lockheed Martin, Northrup Grumman, and Dynetics;
however, there are many other companies working on some aspect of space travel and
technology, whether transport or luxury items [4]. There is also the internal research NASA
performs on various aspects of space exploration, as shown in the NASA Technology Taxonomy
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[33]. So, there is no shortage of labor on the work behind how to get there. However, there
remains the financial burden.
Ehlmann, et al., 2005 included a brief overview of how much it could cost for a human
Mars mission; however, no specific mission architecture was examined at the time [5]. Their
findings showed that the mission could range from $20-450 billion, with NASA’s annual budget
in 2005 being about $15 billion. The authors considered, with the lower end value of $30 billion,
that if the cost was spread over 10 years, this would require 20% of NASA’s annual budget, with
the current spending at the time of only 15%. Overall, they noted that the Department of Health
and Human Services (HHS) obtained around $500 billion in total federal funding in FY2003,
with the increase in budget for that year being $30 billion over FY2002. This placed the total
cost of the human Mars mission at around 0.5% of the HHS budget, and the authors concluded
that the “…human mission to Mars is not barred by cost considerations,” and the “…cost is
relatively small compared to other federal government endeavors and the mission’s considerable
benefits.”
In order to develop the surface for habitation, materials must be acquired either by
shipment or by local manufacturing. Kramer and Mosher, 2016 [6] detailed the cost to ship
supplies to the ISS. Soon after NASA stopped flying the Space Shuttle in 2011, private
companies began shipping supplies to and from the ISS. In 2008, SpaceX and Orbital Sciences
(now Northrop Grumman Innovation Systems) were awarded contracts of $1.6 billion for 12
launches and $1.9 billion for eight launches [34], respectively, with SpaceX being the first to
reach the ISS with the Dragon spacecraft in 2012 [35]. From these total figures, this equates to
an estimate of $43,180 per pound for Orbital Sciences, and $27,000 per pound for SpaceX based
on the minimum 20 metric tons of upmass that is to be delivered [6], [34]. However, since the
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Dragon spacecraft can ship cargo both ways at full capacity, this cost could be as low as $9,100
per pound. More recently, SpaceX has been in the headlines on their Starship craft with an
advertised payload of over 100 tons [36]. Elon Musk, the CEO, has stated that he hopes that
orbital launches can be made for as low as $1.5 million when delivering 150 tons ($5 per pound);
however, current charges are $150 million for 70 tons to low Earth orbit ($1,071 per pound) for
military payloads on the Falcon Heavy [8]. Musk went on to say that Starship Lunar deliveries,
over time, will cost $44-66 per pound, assuming regular launches and full payloads.
These prices, while ambitiously cheap, only reflect shipments to the Moon, so how would
this extrapolate to Martian deliveries? The average distance to the moon is approximately
383,000 km (238,000 miles) away [9], and Mars being a vast 234.5 million km (145.74 million
miles) [10], is over 600 times the distance. If we extrapolate and assume linear scaling of the
Starship Lunar delivery cost, Martian payload costs increase to a total of $40,300 per pound
($88,850/kg), or $8.06 billion per launch at 100 tons. As a perspective, the average 1,500 ft2
home on Earth is approximately 150 tons (300,000lb) [13] and would result in a cost of $12.09
billion, and this does not consider the life support systems and special equipment that will be
required on Mars. The CRS-2 contracts estimate $71,800/kg to the ISS [11]. If the resupply
costs to Mars are similar to this at $89,000/kg, standard resupply may not be of issue. However,
this cost is likely to be even greater due to the travel distance and corresponding technology
required to traverse this distance. Large industrial equipment will be required in order to “jump
start” a local manufacturing operation, but the costs of launching building materials alongside
consumable supplies for all construction activities may not be feasible for substantial
colonization missions; therefore, a local in-situ manufacturing operation to construct the habitats
and equipment that will be required for long-term survival may prove enabling for Mars surface
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missions. However, feedstocks for materials will not be as readily available as they are here on
Earth.
2.2

In-situ Resource Utilization
In-situ resource utilization (ISRU) is a methodology by which products are generated

using locally available materials [37]. While critical equipment will be launched from Earth to
get the crew started, the infrastructure needed to expand into a thriving colony can be constructed
using feedstocks harvested from the Martian environment. There are numerous natural resources
on the Martian surface but expanding and sustaining a human colony may require ISRU methods
to provide food, shelter, and energy products. James, Chamitoff, and Barker, 1998 [38]
examined materials and quantities that are required. The authors noted that the average person
consumes and produces the following quantities per day (Table 2.1).
Table 2.1

Consumables and Waste Products Per Person Per Day.

Material
Oxygen (O2)
Drinking Water (H2O)
Washing Water (H2O)
Food
CO2
Solid Waste
Values provided in kg.

Consumable
0.8-0.9
2.3-4.6
1.1-5.4
1.5-2.5
-

Waste Product
1.8-2.5
0.8-1.1
0.13-0.2

They also detail that fuel and oxidizer production is critical for a return launch, as well as
surface mobility, with a total of 96 metric tonnes of methane (CH4) and O2 being required to
return four crew members, assuming the mission will be include launches from Earth, into
Martian orbit, and deorbit to the surface. Another 12 tonnes are required for surface exploration.
Storage will be required for these materials, as well as a means to produce these fuels, with other
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energy sources (nuclear, wind, solar, etc) likely being required to supply the inhabitants. Being
that Mars is closest to Earth only every other year, it is reasonable to evaluate ISRU technologies
for all consumable resources.
Due to the lack of readily available resources, as we know them on Earth, ISRU-based
systems will be most competitive if operated as closed-loop processes, requiring minimal energy
input. Possible ISRU-sourced resourced include: O2 for respiration and fuel, food, drinkable
H2O, construction materials, tools, and more. In order to fully evaluate the potential ISRU
products, one must first understand what materials are available on Mars.
2.3

Martian Environment and Available Resources
The Martian atmosphere is not hospitable in its natural form to support human existence.

A study by P. R. Mahaffy, et al., 2013 [14] completed a series of sample analysis with the
Curiosity rover to measure the chemical and isotopic composition of the Martian atmosphere.
Their findings showed that the gas composition was approximately 96% (CO2) with 1.93% argon
(Ar), 1.89% nitrogen (N2), and trace carbon monoxide (CO) and O2 [14]. This data correlates
with the data presented by James, Chamitoff, and Barker,1998 [38].
This relative abundance of CO2 presents an excellent source of elemental carbon (C) for
steel, cast iron, and other metals that utilize C as an alloying element or composite. A study was
conducted by Esrafilzadeh, et al., 2019 [39] that allowed researchers to generate coal from CO2
by utilizing a liquid metal electrocatalyst containing cerium (Ce) nanoparticles. The authors
studied this process as a means of emissions reduction to capture and remove CO2 from Earth’s
atmosphere to reduce global warming. The process proposed is shown in Equations 2.1-2.5.
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2𝐶𝑒(𝐺𝑎𝑙𝑖𝑛𝑠𝑡𝑎𝑛) + 11/2 𝑂2(𝑎𝑖𝑟) → 2𝐶𝑒2 𝑂3

2𝐶𝑒2 𝑂3 + 3𝐻2 𝑂 + 6𝑒 − → 2𝐶𝑒 <0> + 6𝑂𝐻 −

𝐶𝑒 <0> + 𝐶𝑂2 → 𝐶𝑒𝑂2 + 𝐶

𝐶𝑒𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 𝐶𝑒 + 4𝑂𝐻 −

4𝑂𝐻 − → 𝑂2 + 2𝐻2 𝑂 + 4𝑒 −

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

While the results are promising, the requirement of Galinstan (a eutectic gallium-indiumtin alloy), is not favorable as this material would have to be produced terrestrially and launched
to the Martian surface. One possible solution to harvesting this C product is the Bosch process,
which will be discussed in Section 2.4.
As for the surface itself, the regolith is rich in metallic elements; however, the regolith is
composed of primarily of silicate minerals containing bound metal elements. The composition of
the Martian regolith at known locations is shown in Table 1.1. Numerous studies have been
completed to create a Martian regolith simulant [20]–[25] utilizing data from the Viking, Mars
Exploration Rover (MER), and Pathfinder landings. Some variation is seen across the surface,
such as the increased manganese (Mn) content at Pinnacle and Stuart Island locations [40]. The
primary theme of Martian soil is the significant quantity of Fe, which is a primary feedstock for
ferrous alloys, one of the most popular building materials on Earth.
Due to the significant quantity of Fe in the Martian regolith, Fe-bearing minerals could be
a worthwhile material of choice for Martian manufacturing, leveraging the plethora of research
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on these materials on Earth. However, in order to use the Fe or other elements present in the
regolith, the metal(s) must be reduced to their metallic forms, and a means of harvested C is
needed.
The temperatures on Mars are significantly more frigid as compared to Earth. The
average temperature on the surface of Mars is -63°C (-176°C to 30°C), whereas Earth is 14°C (88°C to 58°F) [31]. This again brings forth the need for a significant energy source; however,
these temperatures could be advantageous for steelmaking. Steel and cast iron commonly need
heat treatments to obtain the desired material properties; therefore, the cooler temperatures could
allow for rapid cooling rates on the Martian surface more easily than on Earth, depending on the
quench medium (See Section 2.6).
Before moving into material specifics, and now that it is documented what feedstocks
could be available on the Martian surface, it begs the question of how these elements can be
acquired.
2.4

The Bosch Process
The Sabatier reaction in currently used on the ISS for O2 recovery from metabolic CO2.

This reaction uses hydrogen (H2) to exothermically react with CO2 to obtain H2O and methane
(CH4) [41]. The water can then be electrolyzed to provide breathable O2 and H2 for recycling
back into the reactor. The Sabatier reaction is shown in Equation 2.6 with the electrolysis of
water shown in Equation 2.7.
𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2 𝑂
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(2.6)

2𝐻2 𝑂 → 2𝐻2 + 𝑂2

(2.7)

The Sabatier system has been used on the ISS since 2010 to recover ~47% of the O2
from CO2; however, this reaction results in the net loss of hydrogen, resulting in a lack of true
closed-loop operation. For a Martian mission, full closed-loop operation is critical as additional
supplies cannot be readily launched from Earth. An alternative that was considered with the
Sabatier prior to selection for ISS is the Bosch process.
The Bosch process, named after German scientist Carl Bosch, is a reaction that converts
CO2 into H2O and solid C. This process is the combination of the reverse water gas shift
(RWGS), CO hydrogenation, and Boudouard reactions. These reactions are shown in Equations
1.1-1.4. As stated by Abney, et al., 2011 [16], the Bosch process was initially considered by
NASA in the 1960’s, and while the process enables full loop closure, the Sabatier was chosen
due to the low complexity and high technological maturity. It was noted by the authors that the
weaknesses of the Bosch process were mostly due to system design, and that several
improvements could be made to create a competitive system to the Sabatier: modifying the
design to maximize single-pass conversion, use of more efficient catalysts with ability to remove
product C, and optimizing the system to operate at lower temperatures. They also showed that
the individual reactions within the Bosch process had different thermodynamic favorability. The
RWGS reaction is more thermodynamically favorable at higher temperatures, and the Boudouard
and CO hydrogenation reactions are more thermodynamically favorable at lower temperatures.
Therefore, a series-Bosch operation was designed so that each reaction step could be
independently optimized. Numerous catalysts were also investigated to determine rate of
reaction per mass and volume with steel wool providing the best result in the carbon formation
step.
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Later, Abney et al., 2012 [42] continued research into the series-Bosch system due to the
Bosch process’s theoretical 100% O2 recovery. This model was designed such that the rate and
location of C formation was controlled, reducing reactor maintenance and consumables with the
catalyst. A reactor design such as this also allows for operating temperatures and pressures to be
independently controlled for each stage of the reaction.
This work was continued by Abney et al., 2013 [15] where a RWGS reactor was tested as
well as two gas separation membranes. They system was sized to supply a crew of four.
Speaking specifically to the membranes, it is unavoidable to have some unreacted products in the
reaction, so the authors used these membranes (Polaris and Proteus) to separate the unreacted H2
with the Proteus membrane while Polaris was used to separate CO2. The authors note that the
most challenging stage of the Bosch process is the carbon formation reaction(s), in which a
carbon formation reactor had not yet been fitted to the series-Bosch system. However, for full
recycling of CO2, this step is crucial to obtain full O2 loop closure.
The authors continued to show their results of using the JSC-Mars-1A Martian regolith
simulant as a catalyst for both RWGS and C formation reactions. One highlight is that the
regolith simulant contains only a small amount of catalytic iron, so the reaction rate was 40-63%
lower than the Incofoam® Ni foam catalyst previously studied; therefore, was not considered for
further studies. For the C formation reactions, the reaction rate was significantly lower than the
steel wool tests; however, one favorable detail is that in a Martian environment, a large reactor
with less expendable catalyst material would essentially have an endless resupply of regolith
catalyst.
Research was continued by Abney, et al., 2014 [19] to develop a C formation reactor
using Lunar and Martian regolith simulants. The authors continued their efforts to analyze the
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RWGS reactor, specifically temperature profiles throughout a range of flowrates. For the C
formation reactor, a packed bed approach was avoided due to the pressure drop observed in
testing. A fluidized bed reactor was also rejected due to the high fluid flow velocities required
and the high frequency of catalyst change. The final approach involved a radial-flow moving
bed reactor where the catalyst is loaded in the center and can be added and removed as needed.
In order to minimize waste and maximize the use of available resources, this catalytically
spent regolith was also explored as a component of bricks. The bricks were either made using
only C-contained regolith via sintering or with C-contained regolith combined with a sulfur or
polyethylene binder. The sintered bricks were rejected due to the high power demands (500°C
for two hours, followed by 1100°C for two hours) as well as the inconsistencies seen in the brick
products. While sulfur is available on the Martian surface, the resultant bricks were very brittle,
resulting in a low-quality product. The polyethylene bricks were preferred due to a potential use
in radiation shielding and use of repurposed packaging, as well as relative consistency, and was
recommended for further study [19].
Research is ongoing into the optimization of the Bosch process and the C product can be
used for a host of applications. Specifically of interest here is its possible use as a ferrous alloy
C source. Prior to the work presented here, the Bosch byproduct C has not been studied in
steelmaking, to my knowledge; however, its large research base and possible applications brings
forth the necessity to further explore.
On a lab scale, one C-formation reactor (C-Fr) at MSFC was constructed and
demonstrated solid C byproduct production of approximately 45 g/hr [17]. For industry, the
Bosch process has been applied in the cement industry to reduce oxocarbon emissions as well as
using the captured C as an additive in cement [18]. Therefore, the Bosch reaction, while still in
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development, is certainly of interest for larger scale operation. Overall, the Bosch process could
be used to provide O2 for astronauts, provide oxidant propellant, and more while also generating
significant amount of solid C for steelmaking.
2.5

Ionic Liquids Metal Harvesting
The other primary ingredient needed for steelmaking is Fe. On Earth, a blast furnace is

often used to reduce FexOy. A blast furnace uses a combination of coal, limestone, and heat to
generate CO to reduce the FexOy into a usable iron product, pig iron. The blast furnace reduction
reactions are shown in Equations 2.8-2.10 [26].
2𝐹𝑒2 𝑂3 + 𝐶𝑂 → 2𝐹𝑒3 𝑂4 + 𝐶𝑂2

𝐹𝑒3 𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2

(2.8)

(2.9)

(2.10)

The CO source in these reactions is through the ignition of coal, a high carbon, solid
fossil fuel. The temperatures within the blast furnace are as high as 1800°C, and while these
temperatures are maintained through the combustion process, the energy utilized is still very high
through air injection. Additionally required is the limestone, which acts as a calcium (Ca)
source. This Ca is required to remove impurities in the FexOy though slag. Blast furnaces
require significant quantities of O2 for combustion, require energy during coal combustion, and
produce large amounts of CO2. Even on a small scale, such as the cupola blast furnace at MSU,
the energy demand from the relatively small 15hp blower is approximately 8-65kW, depending
on backpressure. In perspective, the ISS generates a maximum of 120kW through its solar arrays
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[43]; therefore, if power generation on Mars is similar to the ISS, power consumption of a 10”
cupola furnace could require up to half of the available power. Additionally, the manpower
required to operate the furnace make this technology unfavorable for Martian reduction. On the
surface, a more efficient means of providing Fe will be required to preserve energy and feedstock
resources.
IL technology is currently studied by NASA and presents two separate uses for Martian
colonies: O2 regeneration and metal harvesting. The IL process is also 100% closed loop,
requiring only regolith and energy inputs as H2 is recycled (excluding losses).
As a life support system, IL technology is of interest to work alongside the Bosch
process. Brown et al., 2018 [44] used an IL-based Bosch system which operated on a series of
three steps. First, the IL is used to extract Fe or Ni from the Martian regolith, followed by using
the IL to electroplate the harvested Fe or Ni onto a copper substrate. This Fe or Ni coated
substrate could then be used within the Bosch process as the catalyst for O2 recovery. Once the
catalyst is fouled with product C, the IL is then used to regenerate the Fe or Ni, leaving the metal
suspended in the IL with only pure C remaining. This process could assist in solving the
recuring problem of catalyst replacement that has been the limitation of the Bosch process.
Brown et al., 2018 [45] also developed a system that upscaled the catalyst preparation,
allowing up to 10 substrates to be plated at the same time. One challenge was seen on removing
the C from the interior of the copper puck. While acetone was successful, acetone’s volatile and
flammable nature is not welcomed in a space environment. However, the authors noted that
using a highly concentrated IL solution (>90%) could accomplish the same goal to regenerate the
catalyst with hopes of times less than 4 hours.
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For metal harvesting, the IL process is composed of three primary steps (shown in
Equations 1.5-1.6 and Figure 1.3): digesting the regolith, meteorite, or other metal oxide source,
electrolyzing the product water, and electroplating the metal ion from the solution. Dr. Fox
discussed that may acidic ILs are available, but hydrogen sulfate (HSO4) is primarily used for
metal harvesting [28] due to its balance of fluidity, stability, reactivity, and vapor pressure. This
solution has been shown to successfully digest Fe and magnesium (Mg) oxides, and Ni metals
with others used to digest titanium oxide (TiO2) at 200°C; however, none have been able to
completely digest SiO2. One of the limitations is the limit of aqueous solution recovery via
electrochemistry. In these solution, Ni and Fe are readily possible, but Ti, aluminum (Al), Mg,
and Ca are difficult to plate out of solution as H2O begins to electrolyze before these elements’
electropositivity is reached. However, in one solution, multiple electrodes could be used to
harvest specific elements (N elements, N+1 electrodes) simultaneously.
A benefit highlighted by Dr. Fox [29] is that ILs can be task-specific, as was mentioned
by Brown et al. previously. One IL process detailed is the development of construction materials
where sodium silicate is added to regolith, resulting in a printable feedstock for building
construction on the surface: a Martian concrete.
Karr et al., 2018 [28] detailed an initial test with a dissolved metal solution similar to
NiFe meteorites (93% Fe, 7% Ni). At -0.95V, deposition occurred. However, increasing this to
-1.30V resulted in significant metal deposition in which the electrode was fully plated in one
hour. Some material flaked off the surface, allowing for more to be plated from solution;
however, after six hours, the electrolyte temperature rapidly increased. In this time, roughly half
of the dissolved material was plated from solution, and energy dispersive X-ray spectroscopy
(EDS) confirmed that the composition was equal to that of the starting material. Therefore, the
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process was not preferential to one element. It was concluded that refinement of the
electrochemical side of the reaction should be further studied to acquire higher purity metals.
With the potential advancements for metal harvesting with ILs, this technology could
provide an excellent source of Fe for steelmaking.
2.6

Steel and Cast Iron
Due to the possible abundant availability of Fe and C, and the desire for minimal post-

processing in the Martian infrastructure, various ferrous alloys are of interest. Steel alloys are
one of the most popular and important building materials used terrestrially [46]. Steel alloys can
be used for structural and mechanical components and could be a viable candidate for ISRUbased construction on the Martian surface due their its strength, flexibility in application, and the
vast research completed for Earth construction.
Steel is generally defined as an Fe alloy that can be post-processed and contains less than
2 wt.% C. The most common types of steel contain less than 0.3 wt.% C [47]. The C is fully in
solution in the form of ferrite and iron carbide (Fe3C), or a combination of the two. The source
of C, as previously discussed, could be the Bosch process, and the IL harvesting system could be
used to obtain the Fe from regolith or meteorites [48] and potentially asteroid mining in the
future [49], [50].
Steels properties can be effected through numerous methods; however, the microstructure
(i.e. crystal structure of the individual grains) is a significant factor [51]. In order to alter the
microstructure of steel, a heat treatment is required which involves heating the material above
the austenitizing temperature and cooling the piece with the prescribed medium and quenching
schedule [52]. Due to the lower atmospheric temperatures on Mars, liquid quenching of a
material would likely allow for greater rates with lower end-quench temperatures than on Earth.
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However, atmospheric quenching may be different. The Martian atmospheric pressure is
significantly less (approximately 0.0065 bar) with a vastly different composition. From zero to
one atm, the thermal conductivity coefficient of the respective atmospheric gasses do not vary
significantly [53], [54]. With this, the thermal conductivity coefficient of CO2 (which accounts
for 96% of the Martian atmosphere) at -63°C and 0.006518 bar (the average conditions on Mars)
is roughly 60% of Earth’s atmosphere (14°C, 1 bar), resulting in reduced convective cooling
rates (k=0.015 and 0.025 W/mK, respectively). However, during the initial cooling of a cast or
heat treated component, radiant cooling (assuming blackbody) is the dominant cooling
mechanism (>90% of total heat flux), which suggests nearly equivalent cooling rates between
Earth and Mars. The convective heat flux and Stephan-Boltzmann law for a blackbody are
shown in Equations 2.11-2.12, respectively [55].
𝑞"𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = ℎ ∗ (𝑇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝐾) − 𝑇𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 (𝐾))

4
𝐸 = 𝜎 ∗ (𝑇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
(𝐾))

(2.11)

(2.12)

By substitution of the convection coefficient, h, to utilize the gasses’ thermal conductivity (k),
length (L), and average Nusselt number (NuL), Equation 2.11 is reduced to Equation 2.13. The
average Nusselt number is found with Equation 2.14 as a function of Reynold’s number (ReL)
and Prandtl number (Pr).

𝑞"𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =

𝑁𝑢𝐿 ∗ 𝑘
(𝑇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝐾) − 𝑇𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 (𝐾))
𝐿
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(2.13)

𝑁𝑢𝐿 = 0.664 ∗ 𝑅𝑒𝐿0.5 ∗ 𝑃𝑟 1/3

(2.14)

For the conditions described by the Martian and terrestrial atmosphere, Pr is likely to be similar
and is assumed to be approximately 0.7. Furthermore, laminar flow is assumed, and ReL is
prescribed as the “critical Reynold’s number,” i.e., 5  105. Length is assumed 1 m for the
purposes shown here. Therefore, Equation 2.15 is used to calculate the convective heat flux.
1

𝑞"𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 0.664 ∗ 𝑅𝑒𝐿0.5 ∗ 𝑃𝑟 3 ∗ 𝑘 ∗ (𝑇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝐾) − 𝑇𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 (𝐾))

(2.15)

With the atmospheric properties assigned previously, the convective, radiative, and total flux is
shown in Table 2.2. Figure 2.1 shows these heat flux calculations as a function of temperature in
100K increments to showcase the radiant cooling dominance, particularly above 500°C (>85%).
Lastly, Figure 2.2 is used to compare the total heat flux estimate on Mars and on Earth where
data points are also at 100K increments. These results suggest that Martian atmospheric heat
flux is approximately 97.5% of Earth (R2=0.9999).
Table 2.2

Heat Flux Calculations

Material
Material
Temperature
Temperature
(K)
(°C)
900
800
700
600
500
400
300
200

1173.15
1073.15
973.15
873.15
773.15
673.15
573.15
473.15

Flux from
Flux
Convection
Total (W/m2)
from
2
(W/m )
Radiation
(W/m2)
Earth
Mars
Earth
Mars
6645.8 4265.8 107404 114050 111670
5895.7 3822.8
75205
81101 79028
5145.6 3379.8
50854
56000 54234
4395.5 2936.9
32958
37354 35895
3645.4 2493.9
20261
23906 22755
2895.4 2050.9
11643
14538 13694
2145.3 1608.0
6119
8264
7727
1395.2 1165.0
2842
4237
4007
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Radiative
portion of
Total (%)
Earth Mars
94.17 96.18
92.73 95.16
90.81 93.77
88.23 91.82
84.75 89.04
80.08 85.02
74.04 79.19
67.07 70.92

Figure 2.1

Plot of heat flux calculations.

Convective, radiative, and totals plotted for Earth and Mars.

Figure 2.2

Ratio of total heat flux of Mars vs. Earth.
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So, while cooling the material could be accomplished similarly to on Earth, austenitizing
temperatures of ferrous alloys are commonly around 900°C. Heating materials in excess of
900°C will demand significant energy resources. Steel is also commonly forged or rolled to
provide favorable properties, which also commonly requires increased temperatures. Alloying
variations are likely to be the predominant means of altering properties as these additions can be
made at the point of casting, rather than during post-processing.
Cast iron comes in many forms, but the predominant difference between this and steel is
that the C content is over 2 wt.% and the C is segregated into graphite. Gray cast iron is a
popular material, featuring flake graphite morphology, however, this material is very brittle.
Gray cast iron can be useful for gears, plows, and dampeners [56]. It is important to mention
that gray cast iron’s microstructure is highly dependent on cooling rate. This material is
commonly normalized or annealed to relieve residual stresses and eliminate dendritic structure
[57]–[59]. These treatments are typically recommended for consistent property development
amongst castings. Again, this normalizing/annealing is a form of heat treatment and will require
the part to be heated beyond the austenitizing temperature.
Another ferrous alloy of interest is DI, also called nodular iron. DI is a type of cast iron,
but these alloys’ properties are somewhat a mixture of steel and gray cast iron. DI is commonly
used for pipe, automotive components, pump housings, and more [60]. These alloys are
commonly used in the as-cast state, which is beneficial for Martian manufacturing, and this
eliminates the need for post processing or heat treatment. Multiple alloy grades of DI will likely
be required for Martian construction, but this can readily be accomplished by elemental alloying
for property variations.
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For DI alloys, Fe, C, silicon (Si) and Mn are the primary alloying elements. Phosphorus
(P) is typically an impurity, but this element can enhance castability, machinability, and tensile
strength [61]. Mg is required to nodularize the graphite, the characteristic feature separating DI
from cast iron [62]. Examples of the graphite morphology in DI is shown in Figure 2.1.
The amount of Mg required to nodularize graphite varies with sulfur (S) composition.
Mg forms Mg sulfides (MgS) first, with the remaining Mg being referred to as “residual Mg.”
This residual Mg is what will spheroidize the graphite. The amount of Mg required is calculated
in Equation 2.14 [62].
𝑀𝑔 (𝑤𝑡. %) = 0.020 + 3⁄4 𝑆 (𝑤𝑡. %)

(2.16)

The typical amount of Mg required is between 0.2-0.4 wt.% depending on S content and
the section thickness of the casting. Too much Mg results in exploded graphite, increased
porosity, and degraded properties. An example of exploded graphite is shown in Figure 2.1 (a)
as compared to spherical graphite.

Figure 2.3

Ductile iron graphite morphologies.

(a) Exploded graphite from overtreatment of Mg [63] and (b) nodular graphite from properly
treated DI
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The addition of Mg is not as simple as many other alloying elements which can be added
directly into the crucible prior to melting. Due to the relatively low vaporization temperature
(1100°C) of Mg, the recovery of pure Mg during casting DI is marginal given that the melting
temperature of pure Fe is around 1600°C. To combat this vaporization problem, a master alloy
is commonly used for Mg addition, allowing for a high enough Mg recovery to nodularize the
graphite. A master alloy reduces volatility and increases Mg recovery during casting, with
enhanced effects by the addition of lanthanum (La) and calcium (Ca) in the master alloy. To
further increase the Mg recovery, a cover material can be used to delay the introduction of Mg to
the melt; however, this was not used in this research. There are numerous methods of Mg
addition for casting DI, with the method used here being the pour-over method or open ladle
process due to equipment limitations [64]. The pour over method involves melting a cast iron
charge composition and pouring the molten metal on top of the Mg source that is in the mold or
ladle.
Ni is a common alloying element in DI. In a study by Sun, et al. [65], DI was alloyed
with varying Ni content from 0 to 1.8 wt.%. This work showed that as Ni content increased up
to 0.71 wt.%, tensile stress, elongation, low temperature impact energy, and corrosion rate all
increased. However, increasing Ni above 0.71 wt.% began to decrease tensile and impact
properties.
Another study performed by Hsu, et al. [66] examined adding 4 wt.% Ni or 4 wt.% cobalt
(Co) to DI. The authors found that nodularity was not affected; however, the nodule count was
increased by Co and decreased by Ni. Co proved to also be a moderate ferrite promoting
element, while Ni promoted significant pearlite content, resulting in Ni providing more
hardenability and strength while Co increased elongation and impact toughness. However, these
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benefits of increasing Co to 4 wt.% were primarily attributed to the increased nodule count as the
hardness measurements were nearly identical (BHN 155-159) with similar ferrite fractions (6072%).
Ni provides this pearlite promoting effect by stabilizing austenite. This meaning, simply,
that harder phases in a DI can be obtained at a given cooling rate by adding Ni to the alloy.
Similar to the austenite stability benefits of Ni, Mn promotes the formation of pearlite in DI
alloys; however, the alloying quantity is generally limited to less than 1 wt.% to avoid Mn
segregation [67]. Ni can be harvested via ILs from regolith and meteorites, so this could be a
viable means of alloying to obtain numerous grades of DI. While the Curiosity rover found only
an average of 0.31±0.1 wt.% MnO in the regolith, NASA’s Opportunity rover found some
deposits containing significantly more Mn oxides (2.4±0.9 wt.%), specifically in the Pinnacle
Island and Stuart Island locations [40].
Some DI alloys contain the addition of molybdenum (Mo) in amounts below 0.55 wt.%
to amplify the effects of Ni on hardness (at a continued expense of ductility) [68], but this
alloying element is not available in Martian regolith. Measurements of SNC meteorites by
Righter, et al., 1998 [69] showed approximately 120 ppb Mo in the Martian mantle; however,
these are likely far too insignificant of concentrations to be viable for alloying.
DI alloys could potentially be cast on the Martian surface using ISRU-source materials,
providing that sufficient energy is available for harvesting and casting equipment. While steel is
commonly preferred for structural items, DI has the benefit of supplying similar properties
without the need for additional processing post-casting.
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2.7

Additive Manufacturing
Another means of component production is AM. AM is of considerable interest for

manufacturing beyond low-Earth orbit. Sacco and Moon, 2019 [70] discussed AM for space in
multiple areas. They highlight the major advantage of AM processing being the ability to
produce complex geometry without the need for machining, while also typically using little
energy and producing little waste. AM feedstock typically requires the use of spheroidized
powder of a specific size distribution to maximize density and properties. Strondl, et al., 2015
[71] showed that while these powder characteristics should be controlled to maximize density
and mechanical properties, the effects of using recycled powder are typically minimal and can
still be used for various electron beam melting (EBM) and selective laser melting. These
morphological differences do effect flowability, but they theorize that the ductility/impact
toughness is decreased due to oxygen content in the recycled powder particles, rather than the
powder morphology. If a material is unable to be spheroidized, the work of Rogalsky, et al.,
2018 [72] suggests that irregular powders could still be used, if only for non-critical or non-load
bearing components on Mars by making modifications to the hopper, namely a larger opening
and steeper angle to ensure sufficient powder application rates. The IL-Fe, due to its plate-like
shape, could potentially be used for AM processes, assuming metallic composition and some
control of morphology, such as through grinding and/or sifting. With more control of the IL-Fe
morphology, spheroidization could be avoided if the hopper can be modified sufficiently;
however, spheroidization would allow a higher likelihood for critical, load-bearing components
to be printed.
Another AM feedstock of discussion is Fe-Ni meteorites. Lietaert, et al., 2018 [73] used
a ground meteorite to produce a powder for direct metal printing. The researchers showed that
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while structural parts were able to be produced, low density and significant cracking were a
problem. The material used contained 0.35 wt.% P, which is not unexpected for a metallic
meteorite. However, P content has been shown to lead to similar problems in friction stir
welding [74] and electron beam welding [75]. Fortunately, ILs have shown high affinity for Fe
and Ni production and could be used to harvest the metallic elements while reducing P.
Compared to the scale of production that will be needed to develop a human habitat(s) on Mars,
there are very few documented meteorites [76], so work should likely be focused on other
avenues of feedstock acquisition, such as from regolith or material recycling.
While AM typically uses metallic materials, some metal oxides could be of interest, if
available. Hematite, Fe2O3, has been used in combination with Al powders to utilize the
exothermic thermite reaction [77]. Dadbakhsh et al., 2012 [78] showed that this reaction can be
used to lower the required laser power and pre-heating in a laser powder bed fusion (L-PBF)
application by using the thermite reaction in-situ. While higher quantities of Fe2O3 provided
increased hardness and reduced the required laser power, part density was reduced and hot
isostatic pressing (HIP) was unable to significantly increase the density as well as lowered
hardness [79].
While many shelters could potentially be constructed of concrete, such as that created by
Wan, et al., 2016 [80], there still exists a need for metallic components such as concrete
reinforcement via rebar; mechanical components for life support systems, energy production,
etc.; and tools. When compared to the scale of production on Earth, as well as the lack of energy
resources available, mass production of all parts by casting is not favorable; therefore, future
efforts should continue into AM-based construction, particularly for small components. AM
allows for custom pieces that are easily modified for subsequent iterations, which is important
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for the new terrain to be experienced by Martian inhabitants. A study by Owens, et al. showed
that if AM is combined with ISRU materials, nearly 10t of spare parts mass can be saved in
launches to Mars [81], enabling more shipping resources to be used for habitat development
equipment and necessary start-up materials.
2.8

Literature Summary
ISRU technology allows for the development of the necessary equipment to provide

breathable O2, potable H2O, and raw materials for infrastructure development on the surface of
Mars without the need for mass shipments of feedstock and supplies being launched from Earth.
ILs and the Bosch process have shown promising results as methods to provide critical support
to O2 and H2O regeneration. These systems also generate the primary elemental feedstocks for
ductile iron production. Producing high quality DI for Martian habitat construction is possible
for large components, at a minimum. This can be accomplished if delivery of critical casting
hardware to the surface is prioritized and by combining IL-generated metals and Bosch C.
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CHAPTER III
EVALUATION OF BOSCH PROCESS-SOURCED CARBON IN LOW CARBON STEEL
AND GRAY IRON CASTING FOR MARTIAN SURFACE MANUFACTURING
3.1

Summary
As research continues for the first manned missions to and the eventual colonization of

Mars, the need for materials for construction of structural and mechanical components remains
paramount. The use of in-situ resource utilization (ISRU) techniques may enable mission
success due to the financial and logistical burden of sending supplies beyond low-earth orbit.
The Bosch process is currently in development as a life support system at the National
Aeronautics and Space Administration’s (NASA) Marshall Space Flight Center (MSFC) to
regenerate oxygen (O2) from metabolic carbon dioxide (CO2) with the byproduct of elemental
carbon (C). This chapter seeks to evaluate the feasibility of in-situ steel production using carbon
sourced from the Bosch reaction by demonstrating similar metallurgical results to a traditional,
commercially available alloying C source. The Bosch C was produced by MSFC through their
C-formation reactor (C-Fr) using mill scale (FexOy) as the reaction catalyst. Two types of
ferrous alloys were manufactured using the Bosch-sourced C and a control source C.
Mechanical and microstructural properties obtained from each equivalent grade revealed
comparable metallurgical results.
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3.2

Materials and Methods
For this study, two ferrous alloys were manufactured: one based on AISI 1020 steel, the

other based on gray cast iron where both alloys were produced using C from two different
sources – conventional metallurgical coke (control C, 99% purity) and the Bosch C (93%
average purity, mill scale balance) sourced from NASA’s C-Fr at MSFC. All other elements (Fe,
silicon (Si), Mn) were commercially sourced with 99+% purity. A high frequency, high vacuum
induction melting furnace (VIMF) manufactured by Dongyang IMF Co., LTD was used to melt
and cast the alloys. A total of 12 ingots were cast at 20 kg (44 lb) each to produce six low C
steel ingots and six cast iron ingots. Out of six ingots from each grade, three were produced
using the control C and the other three were manufactured using Bosch C, as shown in Figure
3.1.

Figure 3.1

Flowchart of cast alloys.

Diagram shows two alloys, with two carbon sources, with three iterations each. Total of 12
ingots cast.
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The alloying elements were added to the crucible before heating with the C wrapped in a
small tissue pouch to prevent C from being pulled into the vacuum pumps during depressurizing
to 10-6 torr, followed by the argon backfill. The furnace was then ramped in 10 kW intervals at
10 min each until 60 kW is applied and full melting occurs. The melt was induction-stirred for
10 min before ramping down the applied power to cool the melt to a temperature of 14001450°C, and then poured into a 50.8 mm (2 in) thick cast iron two-piece mold with 254 mm (10
in) length and 203.2 mm (8 in) width. After the ingot was cooled to ambient temperature, the
ingot was removed from the VIMF and mold. The top 25 mm (1 in) of each ingot was discarded
to remove potential casting porosity and any possible slag.
Before reheating and hot rolling, a Sentrotech (ST-1500C-161622) box furnace was used
to fully austenitize and soften the low C steel ingots at 1250°C in an argon-purged environment
to prevent surface oxidation during reheating. A Fenn (4-125) 2hi/4hi reversing rolling mill with
304.8 mm (12 in) diameter, 381 mm (15 in) face width rolls was used to hot roll the low C steel
from 50.8 mm (2 in) thick ingots to 12.7 mm (0.5 in) thick plates. The cast iron ingot samples
were tested in the as-cast condition.
3.2.1

Carbon Analysis
Prior to casting these alloys, the C obtained from the different sources were compared

using X-ray powder diffraction (XRD) technique with a Rigaku Ultima III X-ray diffractometer
to determine the allotropy of the samples. The control C was ground to a fine powder using a
mortar and pestle for XRD analysis. Due to the fine consistency of the Bosch C, grinding was
not required. The as-received C sources can be seen in Figure 3.2. The powders were mounted
in 0.5 mm deep glass slides and analyzed using a copper K-α wavelength between 10 and 90
degrees.
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Figure 3.2

As-received commercial C sources.

(a) Commercial C. (b) Bosch C.
A JEOL 6500 field emission gun scanning electron microscope (FEG-SEM) was used to
observe the morphology and relative size of C sources. Each sample was poured on 12.7 mm
(0.5 in) aluminum specimen mounts with carbon tape, and an air duster was used to remove
excessive powders.
3.2.2
3.2.2.1

Steel and Cast Iron Characterization
Chemical Composition
Chemical compositions of produced steel plates and cast iron ingots were analyzed using

a Spectro Spectromaxx spectrometer which uses optical emission spectrometry (OES). After
rolling the low C steel ingots, OES measurements were taken 50.8 mm (2 in) from the edge of
the rolled plates. For the cast iron ingots, the bottom 25.4 mm (1 in) of the ingot was cut and
used for chemical analysis. For more accurate C and sulfur (S) composition values, a LECO
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CS744 carbon/sulfur analyzer was also used due to its specialized, separate non-dispersive
infrared cells for SO2 and CO2 from the combustion of the samples.
3.2.2.2

Grain Structure
For microstructural investigations, metallographic samples were cut from the orientations

shown in Figure 3.3 and 3-dimensionally represented. With each sample, 2% nitric acid etchant
was used, and optical micrographs were taken to visualize the grain structure of each material
with a Zeiss Axiovert 200M optical microscope.

Figure 3.3

Micrograph orientations.

Locations for (a) low C steel alloys plates. (b) gray cast iron ingots.
The average phase fraction for the low C steel plates was found using a contrast particle
function in ImageJ software while the average grain size was calculated using the Planimetric
(Jefferies) procedure, in accordance with ASTM E112-13 [82]. Three images from each of the
three views for each casting were used to determine the average grain size.
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3.2.2.3

Mechanical Testing
Mechanical testing included tension, compression, and hardness (Brinell and Rockwell)

tests. Tensile and compressive test specimens were machined by using a wire-cut electrical
discharge machine (wire-EDM). Tensile samples were obtained from both the rolling direction
and transverse direction for the low C steel plates. For the cast iron ingots, tensile samples were
obtained in the normal and pouring directions. The tensile specimen dimensions were in
accordance with ASTM E8 [83] subsize specimen (6.35 mm outer diameter (OD) (0.25 in))
while compressive specimens, in accordance with ASTM E9 [84], were 10 mm in diameter and
10 mm long cylinders. All testing was performed on an Instron 5882 electromechanical frame
using a 100 kN load cell with elongation measured with an Instron 25 mm extensometer. The
tests were strain controlled at 0.001 s-1 until failure for tensile or up to 80% of load cell capacity
for compressive tests. This end test criteria allowed for a sufficient length of test for a
determination of ductile or brittle material failure based on a load drop off after yielding or
sudden shatter. Fractography was then performed on the failed tensile specimens under a Ziess
Supra40 FEG-SEM to observe the tensile fracture surfaces.
Brinell hardness tests were carried out with a King Brinell tester while a LECO LR300TD Rockwell hardness tester was used for Rockwell-B and Rockwell-C (cast iron only) scale
hardness tests.
3.3
3.3.1

Results and Discussion
Carbon Analysis
The XRD results obtained from both C sources are shown in Figure 3.4. From the Bosch

C source, there is a well-defined peak at 26.4°, indicating orthorhombic graphite (94.2 wt.%).
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There is also a small peak at 44.6° of an orthorhombic cohenite (Fe3C) (5.8 wt.%) [85]. The
control carbon source showed a slightly broadened, shifted orthorhombic graphite peak at 26.1°.

Figure 3.4

Carbon sample XRD plots.

Comparison of conventional (top) and Bosch (bottom) C sources.
The characteristic graphite peak is at 26.7° 2ϴ. The Bosch C source was very close with
an undistorted peak. The conventional C showed a slightly shifted and broadened peak. Shifted
and broadened XRD peaks are attributed to uniform and non-uniform strain in the lattice
structure of the material [86]. Since the control C sample had to be ground before being loaded
into the sample slide, this is likely the cause of the peak alteration. The C-Fr used to generate the
Bosch C uses an FexOy catalyst that is reduced to Fe3C during production. This catalyst material
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was not filtered from the Bosch C prior to casting in the VIMF. This is the source of the Fe3C in
the Bosch C XRD scan.
SEM images showed that the control C consists of groups of spherical particles
approximately 80~150μm in diameter as shown in Figure 3.5 (a) while the Bosch C is formed
into irregularly shaped, smaller particles with a fuzzy exterior, in formations approximately
10~75μm in diameter (Figure 3.5b).

Figure 3.5

SEM micrographs of carbon sources.

(a) Conventional C. (b) Bosch C.
The two different C sources show most of their differences in their morphologies.
However, when used as the C source for the material melt in the furnace at temperatures
exceeding 1600°C, both sources seem to diffuse into the material similarly. It was observed that
the Bosch C, due to its fine texture and large volume, tended to float to the top of the melt and
required more manual stirring in the high C, cast iron application. Preliminary results by the
authors (H. Rhee, et al., unpublished data, 2017) predating this study indicated a potentially
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lower diffusion rate in the conventional C due to its large particle size resulting in C segregation
in higher C steel alloys; however, with adequate stir time, C segregation was not a further issue.
3.3.2
3.3.2.1

Steel and Cast Iron Characterization
Chemical Composition
The chemical composition results obtained from produced steel alloys are depicted in

Table 1. Purity of each C source was considered along with carbon recovery (96% recovery
based on previous castings at Mississippi State University (MSU)) during melting to ensure the
appropriate amount of C was added to the crucible in the VIMF.
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Table 3.1

Chemical compositions of produced steel alloys.

Steel alloys and C source

Ingot
ID

Low-C steel,
conventional C

Target
1
2
3

Low-C steel,
Bosch C

Target
1
2
3

Cast iron,
Conventional C

Target
1
2
3

Cast iron,
Bosch C

Target

Chemical Composition (% by weight)
Si
Mn
P
S
Fe
0.30<0.030 <0.030 Balance
0.60
0.009
0.489 0.0038 0.0113
99.18
0.011
0.508 0.0070 0.0110
99.10
0.011
0.499 0.0071 0.0098
99.10
0.30<0.030 <0.030 Balance
0.60
0.035
0.516 0.0068 0.0044
99.06
0.020 0.0498 0.0067 0.0025
99.10
0.007
0.506 0.0046 0.0016
99.12
0.0020.022.5-4.0 1.0-3.0 0.2-1.0
Balance
1.0
0.025
3.20
2.45
0.592 0.0036 0.1369
92.76
3.39
2.01
0.566 0.0035 0.1453
92.58
3.41
2.56
0.583 0.0034 0.1343
92.40
C
0.180.23
0.183
0.206
0.180
0.180.23
0.203
0.188
0.191

3.50

1
3.40
2
3.55
3
2.88
Low-C steel targets [87], Cast iron targets [88]

2.50

0.45

-

-

Balance

2.60
2.61
2.39

0.485
0.510
0.479

0.0031
0.0044
0.0064

0.0041
0.0021
0.0099

95.94
92.98
90.27

Chemical composition of each respective material was verified to be within the desired
range for most [87], [88]. It is noted that the Si content of the second control C cast iron ingot
was slightly lower than the other cast iron ingots (2.01 wt.% vs. ~2.5 wt.%); however, the effects
on mechanical properties from the Si composition disparity were negligible and did not result in
a measurable deviation in comparison to other results. The C in the third Bosch C cast iron ingot
was also significantly lower (2.88 wt.% vs. ~3.50 wt.%), but again the C quantity deviation does
not affect the mechanical properties results significantly (p>0.05). The target Mn composition
was 0.45 wt.% in all castings. The Mn recovery rate in the VIMF was observed to be slightly
higher than expected. The control C cast iron ingots cast resulted in an average of approximately
43

0.58 wt.% Mn. Before the Bosch C cast iron ingots were cast, the Mn recovery rate was adjusted
in the charge calculation, resulting in a lower mean Mn composition (0.491 wt.%) for the Bosch
C cast iron. It was also noted that the S content was slightly higher in the control C low carbon
steel plates, and significantly higher in the control C cast iron. The S content was comparable in
both low C steel and cast iron Bosch C samples. This indicates that the primary S source was the
conventional C used. This S issue is not common in alloying C sources; therefore, the batch was
replaced after for further studies.
3.3.2.2

Grain Structure
Microstructures obtained from the low C steel plates are shown in Figure 3.6. Both C

sources produced similar microstructure of ferrite grains (white) with small amounts of pearlite
(black) between. Average grain size was also similar, with the exception of the second control
low C steel plate. This plate exhibited a slightly smaller grain size with elongated grains in the
rolling direction. The average phase fractions and grain sizes are shown in Table 2.
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Figure 3.6

Three-dimensional images constructed from two-dimensional micrographs of lowC alloys.

(a) Control C source. (b) Bosch C source.
Table 3.2

Phase fraction and grain sizes or grain structure.

Phase fraction
Alloy steels and C
Grain Size (μm)
source
Ferrite (% area)
Pearlite (% area)
Low-C steel,
conventional C
83 ± 1
17 ± 1
33 ± 5
(n=93)
Low-C steel,
81.7 ± 0.6
18.3 ± 0.6
37 ± 2
Bosch C (n=72)
Cast iron,
conventional C
Distribution D, Class 7
Cast iron,
Bosch C
Phase fraction and grain size of produced low-C steels and graphite grain structure of produced
gray cast iron. ±st. dev.
The images taken from the cast iron samples were characterized in accordance to ASTM
A247 [89] by the graphite in the casting. All samples resembled most closely with Distribution
D, Class 7 microstructure. Although the first and second control C cast iron ingots showed a
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slight variance in the etched microstructure in some areas, the most representative of each C
source cast iron microstructure is shown in Figure 3.7.

Figure 3.7

Three-dimensional images constructed of two-dimensional micrographs of cast
iron alloys.

(a) Control C source. (b) Bosch C source.
The refined, elongated grain structure of the second control low C steel plate is likely due
to a lower temperature rolling scenario. There were feeding issues into the rolling mill giving
more time for the plate to cool before rolling was complete; therefore, the grains were elongated
rather than refined. The differences in cast iron microstructures can likely be attributed to
different cooling rates throughout the ingot after casting. The size and shape of the mold, as well
as pouring speed, could result in a nonhomogeneous microstructure across the ingots. Cast iron
grain structure is highly dependent on cooling rate [57]. A simple normalization or annealing
process on the ingots would homogenize the ingots; however, the material was desired to be
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tested in the as-cast condition. Overall, a similar dendritic structure is observed in all the cast
iron iterations.
3.3.2.3

Mechanical Testing
The stress-strain curves for all low C steel specimens are shown in Figure 3.8 and the cast

iron tensile curves are shown in Figure 3.9, respectively, with data from each curve shown in
Table 3.3. Tensile stress-strain plots obtained from low C steels revealed the effects of Lüder’s
bands leading to the yield point phenomenon. All low C steel tensile test results showed
comparable yield phenomena and flow stress behavior and are all within a reasonable deviation
from each other. Cast iron samples revealed some variance as expected; however, each
respective ingot is consistent within itself.

Figure 3.8

Tensile stress-strain curves for low-C steel samples.
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L-C = control and L-B = Bosch. Curves are for both rolling direction (RD) and transverse
direction (TD), strain rate controlled at 0.001/s.

Figure 3.9

Tensile stress-strain curves for cast-iron samples.

C-C = control and C-B = Bosch. Curves are in both RD (pouring direction) and TD, strain-rate
controlled at 0.001/s.
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Table 3.3

Tensile testing results for all materials cast.

Materials

Low-C steel,
conventional
C
Low-C steel,
Bosch C
Cast iron
Conventional
C
Cast iron,
Bosch C

Ingot ID

Young’s
modulus,
E (GPa)

1
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average

221
205
201
209 ± 11
223
271
211
217 ± 6
119
110
99
109 ± 10
119
84
65
89 ± 27

Upper
yield
stress,
σuys
(MPa)
336
285
333
351 ± 29
342
340
349
344 ± 5
-

Lower
yield
stress,
σlys
(MPa)
276
300
261
279 ± 20
279
277
275
277 ± 2
-

Ultimate
yield
stress,
σuts
(MPa)
424
430
406
420 ± 12
432
422
422
425 ± 6
284
227
213
241 ± 38
293
168
146
202 ± 79

Total
elongation
in gauge
length
(%)
304.5
36
302
39
282
41
296 ± 13
39 ± 3
308
43
294
42
292
43
298 ± 9
42 ± 0.2
284
0.4
226
0.3
212
0.3
240 ± 38 0.3 ± 0.1
292
0.5
168
0.3
144
0.4
201 ± 79 0.4 ± 0.1
Fracture
stress,
σfs
(MPa)

±st. dev.
These tensile stress-strain curves are common for low C steel [90] and are consistent for
each sample. While the second control low C steel plate in the transverse direction has a
significantly higher upper yield stress, this is easily explained by its smaller grain size. Per the
Hall-Petch relationship of grain size to yield stress [91], this is expected. Overall, all tensile
testing, including both directions, for low C steels show only 22.5 MPa standard deviation for the
upper yield stress (12.5 MPa for lower yield stress). The elongation in the gauge section for all
samples is also very similar (40.7 ± 2.7%) with the difference between conventional and Bosch
C alloys being statistically insignificant (p>0.05). This implies that both C sources show similar
mechanical behavior under tension for the low C steel alloy. The yield and ultimate stresses as
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well as the elongation at failure are higher than the accepted value for 1020 steel: 205 MPa, 380
MPa, and 25%, respectively [92].
For the cast iron tensile results, there is significant variability in the curves. However, it
should be noted that within each chemistry and source, mechanical behaviors were consistent
meaning each ingot is relatively homogenous. Due to a lower C equivalence, it was expected
that the third Bosch C cast iron would have shown a greater tensile strength [57]. Cooling rate of
cast iron has been shown to affect the mechanical properties of the casting with higher cooling
rates giving higher strength materials [58]. Due to the cooling rate variability throughout each
ingot dependent on pouring speed, initial solidification location in the mold, etc., these results are
highly susceptible to differences amongst iterations of the same material. The primary cause of
the variance in cast iron tensile results is likely cooling rate variation and dendrite formation
differences between each casting [59]. The two different C sourced alloys showed similar
tolerance in the tensile curves with the Bosch C results showing less consistency and the control
ingots resulting in overall higher fracture stresses with a tighter grouping of the three ingots.
The experimental results presented herein indicate internal consistencies within each
ingot but do show variation between ingots. This is in agreement with the work published by
Collini, Nicoletto, and Roecna (2008) where they document the significant variability of as-cast
mechanical properties between one casting and the next, even when using near-identical initial
conditions during casting [59]. Such is the case with the casting results presented above/below,
where the ingots were subjected to nominally identical conditions, with deviations between
ingots being potentially caused by changes in respective cooling conditions (such as ambient
temperature or humidity). In order to curtail uncertainty and homogenize material properties,
cast components are often post-processed through annealing/normalizing heat treatments, which
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would occur at approximately 800-900 °C for one hour per inch thickness [93]. The primary
scope of the presented work is centered around the use of casting as a means for production of
components in extra-terrestrial environments, particularly on the Martian surface. Given the
acute shortage of energy and resources in such environments, post-processing of cast
components through normalizing/annealing heat treatments may not be feasible owing to the
significant energy and material costs associated with the process. Thus, the non-normalized
properties of the material should be observed. In the case of a net-shaped casting of an object
with complex features, spatial variation in microstructure and mechanical properties would be a
function of local cooling rates, which would in turn be a function of local geometry. Since the
geometry is determined by the required dimensions of the component and cannot be changed, it
becomes imperative to establish bounds on the expected range of properties. Furthermore, of all
the data gathered for the six total cast iron ingots, the disparity was shown between the iterations
of both C sources and not in the experimental Bosch C alone. This again shows the sensitivity of
gray cast iron production, which would lead to potential limits upon applications of the alloy as
well as more stringent constraints on manufacturing conditions.
Fracture surfaces obtained from low C steel tensile specimens are shown in Figure 3.10.
Fractography from low C steel revealed ductile failure as shown by the significant plastic
deformation.
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Figure 3.10

Representative SEM micrographs obtained from tensile tested low-C steels.

(a and b) Produced using conventional C tested along TD. (c and d) Bosch C tested along RD.
These fracture surfaces show similar tensile characteristics for both C sources. Closer
inspection of the low C steel tensile specimens, shown in the SEM images in Figure 3.11, reveal
ductile, dimpled fracture surfaces from the void decohesion.
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Figure 3.11

SEM micrographs of fracture surfaces obtained from the low-C steels.

Obtained in the TD using: (a) conventional C. (b) Bosch C.
Fracture surfaces obtained from the cast iron tensile specimens are shown in Figure 3.12.
The cast iron failed with sudden, brittle fracture with no visible plastic deformation with little
strain. There is no discrete disparity between samples produced with different carbon sources at
this level of magnification.
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Figure 3.12

Representative SEM micrographs obtained from tensile tested cast iron.

(a and b) Produced using conventional C tested along the TD. (c and d) Bosch C tested along the
RD.
The cast iron tensile samples failed less consistently; however, results were consistent within
each ingot. After brittle fracture, closer inspection showed mostly graphite decohesion for both
C sources in Figure 3.13, similar to those found by previous studies [94].
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Figure 3.13

SEM micrographs of fracture surfaces obtained from the cast iron.

Obtained in the TD produced using: (a) conventional C. (b) Bosch C.
Compression tests were carried out to the limitations of the test machine or until fracture
to present the performance similarities at further strain rates. For all low C steels, the applied
compressive load reached the maximum 82 kN load for every test without fracture. As shown in
Figure 3.14, the low C steels exhibited an upper yield strength before a load drop off, giving a
distinct yield point. While these low C steel samples did not reach an ultimate compressive
stress point, each test resulted in a permanently distorted, barreled specimen indicative of a
ductile material. The low C compression plot shows near identical performance for all low C
steel samples tested for both C samples.
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Figure 3.14

Compressive stress-strain curves for low-C samples.

C-C = control and C-B = Bosch. Strain-rate controlled at 0.001/s.
All but two of the cast iron samples (both samples from the first control C cast iron ingot)
fractured before reaching the upper load limit as set, giving a clearly defined failure point. As
shown in Figure 3.15, each specimen showed a sharp load drop where the ultimate compressive
stress of the cast iron materials is defined.
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Figure 3.15

Compressive stress-strain curves obtained from cast irons.

C-C = control and C-B = Bosch. Strain-rate controlled at 0.001/s.
The cast iron compression tests show significant variance in the data curves. This again
directs attention to the need to control the cooling rate for cast iron if an annealing,
normalization, or other heat treatment process is not to be used, due to inconsistent
microstructural formation in the as-cast condition. However, it is apparent that the Bosch C
source showed tighter grouping of the stress-strain curves for the compression tests. Due to the
fine particle size of the Bosch C, it is possible that the diffusion of C throughout the material was
faster, giving a more homogeneous material; however, this is strictly speculation.
All hardness test results are shown in Table 4. For the low C steels, hardness deviation
between the control and Bosch C alloys is minimal for Brinell (BHN) and Rockwell-B (HRB)
scale. The average hardness for AISI 1020 steel is around BHN111 [92], very close to the
57

average BHN116 for conventional low C and BHN113 for the Bosch low C steels that were
obtained here.
Table 3.4

Hardness test results for all materials cast.

Materials
Low-C steel,
Conventional C

Low-C steel,
Bosch C

Cast iron,
Conventional C

Cast iron,
Bosch C

Ingot ID
1
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average

BHN
111
123
114
116 ± 6
109
111
119
113 ± 5
249
162
167
193 ± 49
175
163
163
167 ± 7

Hardness
HRB
54.0
68.6
57.8
60.1 ± 8
58.0
60.5
64.2
60.9 ± 3
82.8
81.4
85.2
83.1 ± 2
84.5
80.9
83.1
82.8 ± 2

HRC
5.6
3.2
4.6
4.5 ± 1
4.2
2.2
2.2
2.9 ± 1

±st. dev.
The cast iron BHN results are significantly higher for the first control C cast iron ingot
which causes the deviation to be inflated. This ingot was tested numerous times in multiple
locations, each reading in the BHN249 range. However, HRB and HRC tests showed low
deviation across the cast iron ingots, including the first control cast iron ingot. It was expected
that the hardness of the second control C cast iron would have been slightly lower due to the
variation in Si content [95], [96]. The gray cast iron that was cast for this study was chosen as an
average, representative chemical composition target based on gray cast iron. Overall, the
expected hardness for this material can range from BHN120-550 (HRC11.4-29). This material is
similar in composition to SAE J431 automotive gray cast iron [97] which expects a hardness of
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less than BHN187. Apart from the first control C ingot, all cast irons resulted within this
parameter. The first ingot could have obtained a faster cooling rate than the other ingots,
resulting in higher hardness values. It has been shown that cooling rate, when fast enough, can
increase hardness significantly due to the formation of white iron within the gray iron matrix
[58]. It is unlikely that the source of the C used in alloying played a significant role in the
hardness variation. Overall, hardness values obtained from samples manufactured using
different C sources showed comparable mechanical properties.
Overall, the low C steel alloys showed easily comparable structure and properties for
both C sources. The cast iron alloys again showed some differences in the structure and
mechanical testing performed here. These differences are not only seen when comparing two C
sources, but also when looking at the different iterations of each material grade. However, each
ingot showed relatively consistent data in comparison to their own test specimens. Based on the
similarities in material properties for both alloys, this suggests that the Bosch C could be used
not only for multiple alloys, but also for a range of steels whose properties are modified by
cooling rate control or post-solidification processing such as heat treatments or forging.
However, if a cast iron component is desired to be used in the as-cast state, the properties found
for a cast iron component can easily vary depending on geometry and section thickness causing
significant variability in local properties throughout a part [59]. Due to cooling rate differences
in an as-cast part attributed to environment, mold conditions, pouring speed, etc. the
microstructure of as-cast gray iron is likely to result in significant variation in mechanical
properties. Cast iron is also often tested in the form of test bars, which could give less variability
across the casting versus an ingot mold like the ones used here; however, that capability was not
possible at the time of this study. To minimize these internal variations, a normalization,
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annealing, or other heat treatment process could be used for cast iron to ensure the ingots present
less variability from each iteration.
3.4

Conclusions
Two different types of ferrous alloys, a low C steel similar to AISI 1020 and a gray cast

iron, were manufactured by using a conventional C and Bosch-sourced C. Mechanical and
microstructural investigation results obtained from each equivalent material revealed comparable
metallurgical properties. The variations for this study are not attributable to the difference in C
source. The results indicate that it is possible to use the Bosch-sourced C as the elemental C
alloying source in steelmaking.
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CHAPTER IV
THE NOVEL SELECTIVE LASER PRINTING VIA POWDER BED FUSION OF IONIC
LIQUIDS HARVESTED IRON FOR MARTIAN ADDITIVE MANUFACTURING
4.1

Summary
As the race to colonize Mars continues, the need for energy efficient, low waste

manufacturing techniques remains as a major hurdle. Launching building materials from Earth
may prove logistically or financially infeasible. In-situ resource utilization (ISRU) methods may
ensure the success and longevity of these Martian colonies. Ionic liquids (ILs) are currently
studied at NASA’s Marshall Space Flight Center (MSFC) as a means to harvest metallic
elements from regolith oxides and meteorites. IL technology provides an energy efficient
method to extracting critical manufacturing materials, such as iron (Fe), that can be used for
structures, plumbing, and tools. This chapter details the use of IL-Fe as feedstock for PBF-LB
printing to establish a baseline of material characteristics in an AM environment. Samples were
then investigated to determine microstructure, hardness, and chemical composition. IL-Fe
showed potential as a feedstock for the production of metallic materials via laser based additive
manufacturing techniques.
4.2
4.2.1

Materials and Methods
Feedstock Material
The composition of the IL-Fe was found with ICP-MS (inductively coupled plasma mass

spectrometry) analysis by MSFC researchers. The IL-Fe samples manufactured and provided by
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NASA were removed from the cell, dried under a vacuum, and stored in an argon (Ar) or
nitrogen gas (N2) environment prior to being packaged in air-tight containers and shipped to the
facility at Mississippi State University. The morphologies of as-received and as-ground IL-Fe
produced by MSFC are shown in Figure 4.1.

Figure 4.1

IL-Fe produced by MSFC.

(a) As-received, (b) as-ground at MSU facility.
Due to the irregular sizing and flaky morphology of the IL-Fe, some grinding was
required to print with this material. Approximately 22.5 g of the IL-Fe was available for this
study. The powder was ground multiple times to ensure a semi-regular powder with no flakes
using a small coffee grinder. The grinder and the IL-Fe were loaded into an oxygen free
glovebox to prevent further oxidation of the material prior to printing.
Three samples, approximately 6 g each, of the ground powder were tested for estimated
powder size distribution with a Horiba (Kyoto, Japan) LA-950 laser scattering particle size
distribution analyzer. Powder morphology was investigated with a JEOL (Peabody, MA, USA)
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6500 scanning electron microscope (SEM). The powder sample was poured onto a 12.7 mm
aluminum (Al) specimen mount with carbon (C) tape with excess powder removed.
To determine the allotropy of the IL-Fe powder, X-ray diffraction (XRD) was performed
using a Rigaku (Tokyo, Japan) Ultima III X-ray diffractometer using the Diffracted Beam
Monochromator (DBM) to reduce noise. Samples were mounted in 0.5 mm glass slides and
analyzed using a copper K-α wavelength with a scan speed of 0.125 degrees/minute.
4.2.2

Laser Sintering
A Renishaw (Wotton-under-Edge, UK) AM400 laser powder bed fusion (PBF-LB) AM

machine was used to print the test specimens with the reduced build volume (RBV) build plate
and without the wiper. The substrate used for this experimentation was EN 10130 1.0330 mild
steel. The printing parameters are shown in Table 4.2. The value for energy input, Q, was found
with Equation 4.3 [98].
Table 4.1

Printing parameters for PBF-LB of IL-Fe.

Layer
Thickness (μm)

Laser
Power
(W)

Point
Distance
(μm)

Exposure
Time (μs)

Velocity
(mm/s)

Hatch
Space
(mm)

Q (J/mm)

50

200
250
300
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110

590.91

0.060

113
141
169

𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟 (
𝑄=

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑇𝑖𝑚𝑒
⁄𝐻𝑎𝑡𝑐ℎ 𝑆𝑝𝑎𝑐𝑒 × 𝑃𝑜𝑖𝑛𝑡 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒)
𝐿𝑎𝑦𝑒𝑟 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

(4.1)

Due to the low quantity available and the morphology of the powder, the layer was
achieved by first printing a guide border and series of posts on the substrate at 50 μm thickness,
pouring the IL-Fe powder onto the build plate, and spreading the powder with a tamping dowel.
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The powder prepared on the build plate prior to printing is shown in Figure 4.2. This process
was repeated to print a second set of disks that were five layers thick.

Figure 4.2

IL-Fe powder prepared on the build plate before printing.

(a) IL-Fe feedstock (brown/red colored powder) and (b) mild steel substrate (gray plate).
4.2.3

Chemical Composition
Chemical compositions of the printed IL-Fe plates were obtained using energy dispersive

X-ray spectroscopy (EDS) during the SEM morphology analysis. EDS mapping of Fe and
oxygen (O) of the deposited material on the substrate was also completed.
4.2.4

Microstructure
Transverse cuts through the printed samples and the build plate were made to create half

cylinders for microstructural evaluation. After polishing the cut faces with progressively finer
grits, up to a 0.04 μm silica suspension, a 2% Nital etchant was used to reveal microstructural
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phases. Micrographs of the printed disks were imaged with a Zeiss (Oberkochen, Germany)
Axiovert 200M optical microscope. Deposition thickness was measured using ImageJ software.
4.2.5

XRD
To further analyze the deposited material, XRD was performed on the printed IL-Fe disk

processed under a laser power of 300 W. The same Rigaku Ultima III X-ray diffractometer was
used without the DBM. The sample was analyzed with a scan speed of 0.05 degrees/minute.
Additionally, the build plate alone was scanned with the same parameters in order to determine if
XRD results from the IL-Fe plate showed additional peaks from the build plate, and a subtraction
technique was used to determine which peaks were indicative of the deposited IL-Fe.
4.2.6

Hardness Testing
A Leco (St. Joseph, MI, USA) LM-300AT Vickers microhardness tester was used for

testing with an applied load of 10 gram-force (gf) on the cut face of each sample from
microstructural investigation. The samples were polished with a 0.04 μm silica suspension prior
to hardness testing. The indentations were imaged with the Axiovert microscope followed by
measurements using ImageJ software to determine hardness.
4.3
4.3.1

Results and Discussion
Feedstock Material
The chemical composition of the metallic IL-Fe is shown in Table 3. The metallic

composition of the IL-Fe accounted for 60.83 ± 9 wt.% (avg. ± st. dev.) of the total sample mass.
Based on the visible surface oxidation of the IL-Fe flakes, the remaining 39.17 ± 9 wt.% is
predominantly O in the form of metal oxides. These metal oxides present are not undigested
regolith components; the metals are oxidized in the electrochemical cell that is used to harvest
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the Fe as there is the simultaneous reaction of electrolyzing water in the cell. An SEM image of
the IL-Fe powder is shown in Figure 4.3.
Table 4.2

ICP-MS analysis results for IL-Fe.

Al
Ca
Co
Mg
IL-Fe
0.07
0.07
0.05
1.37
(n=3)
±0.08
±0.06
±0.05
±0.2
n=3, composition values in wt.%, ± st. dev.

Figure 4.3

Mn
0.28
±0.02

Na
0.03
±0.02

Ni
0.08
±0.01

Si
0.84
±0.09

Fe
58.04
±9

SEM micrographs contrasting particle morphology.

Scale of IL-Fe is approximately double that of the spherical powder. (a) IL-Fe powder after
grinding and (b) traditionally shaped spherical powder (Ti-6V-4Al).
SEM imaging of the ground IL-Fe powder revealed an irregular, non-spherical geometry
as expected due to the production and post-processing techniques used for this study.
Traditionally used AM powders would be spheroidized, such as shown in Figure 4.3b, to
enhance flow behavior [71]. However, Rogalsky, et al. [72] showed that with adequate hopper
modifications, such as a larger opening and steeper sides to ensure adequate powder application
to the build plate to account for the reduced flowability of irregular powders, irregular powders
can be used to print components with a slight reduction in density, which could be viable for
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non-critical components in a Martian habitat. The powder size distribution found is shown as an
average of three samples in Figure 4.4.

Figure 4.4

Powder size distribution for ground IL-Fe powder (n=3).

Particle size and morphology were not investigated prior to grinding due to the large
variation in sizes and shape. Future studies to investigate flow properties of ground, nonspherical IL-Fe powder could be useful and potentially negate the need for further processing of
IL-Fe after grinding. However, particle size will likely need to be refined in order to obtain high
density components [99].
The XRD data for the IL-Fe powder is shown in Figure 4.5. The XRD results for the ILFe powder show the presence of Fe and magnetite (Fe3O4). The purpose of this work was to
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determine if the IL-Fe material could be used in the current form of production, but it is not
metallic enough in nature. The formation of this oxide is not desirable for AM components
made purely from IL-Fe; however, magnetite powders have been shown to be potential
reinforcement for other applications such as concrete, irradiation shielding, and others [100].

Figure 4.5

XRD analysis result for IL-Fe powder.

During the production of IL-metals, the produced material is desired to be in an elemental
form or in the +2 oxidative state, in this case Fe2+, further suggesting that the oxidation of the
IL-Fe occurred during electrolysis and was not undigested regolith materials. However, if the
IL-Fe was produced in the form of hematite (Fe2O3), this could allow the material to be used for
printing with Al by utilizing the exothermic thermite reaction, as shown in Equation 4.2 [77],
[101].
8𝐴𝑙 + 3𝐹𝑒2 𝑂3 → 2𝐹𝑒3 𝐴𝑙 + 3𝐴𝑙2 𝑂3 + 850 𝑘𝐽/𝑚𝑜𝑙
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(4.2)

As shown by Dadbakhsh, et al. [78], the use of Al and Fe2O3 powders in PBF-LB
applications can be used to reduce the laser power requirement and minimize powder bed preheating by utilizing the thermite reaction in-situ and produce complex components [78], [79].
Higher quantities of Fe2O3 provided significant benefits to hardness at the expense part density.
Due to the limited energy resources available on other planets, the use of Fe2O3 IL-Fe in Al
could be a sufficient technique to increase production while reducing power consumption.
4.3.2

Laser Sintering
The printed disks on the build plate are shown in Figure 4.6. After printing, it was found

that the single layer melting attempts were unsuccessful at depositing any appreciable IL-Fe
material. However, the multilayer prints provided sound deposition layers between
approximately 10 and 20 μm of IL-Fe. Hereafter, only the multilayer prints were further
investigated.

Figure 4.6

Printed disks on a build plate produced in a Renishaw AM400 PBF-LB RBV.

Single layer printed disks (top) and five layer printed disks (bottom).
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4.3.3

Chemical Composition
The chemical compositions of the powder and various printed IL-Fe plates obtained from

EDS are shown in Table 4.4. EDS measurements for the IL-Fe showed differences from the
ICP-MS results obtained by MSFC. Traditionally, EDS quantitative measurements are not as
qualitatively accurate as wavelength dispersive spectroscopy (WDS), particularly when the
surface of the measured sample is not controlled, i.e. polished and flat [102]. However, for the
printed plates, the values found can reasonably be considered accurate as the sample was
polished prior to analysis. The composition differences of the plates are not statistically
significant (p>0.05) except for C, which is not believed to be a component of the IL-Fe
feedstock. With this, small quantities of C could be leached from the build plate or mounting
medium, but the large amounts registered by the EDS detector are not likely.
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Table 4.3
Disk

Chemical compositions of IL-Fe powders and printed plates.

Al
Ca
0.44
0.49
IL-Fe
±0.3
±0.3
1.57
0.29
200 W
±0.2
±0.1
1.18
0.25
250 W
±0.4
±0.06
1.37
0.30
300 W
±0.7
±0.04
Composition values in wt.%.

Mg
Mn
Si
Fe
O
C
Cr
2.70
0.46
2.14
57.20
26.50
8.88
0
±0.2
±0
±0.1
±0.2
±1
±0.4
1.49
3.81
1.27
51.51
31.74
7.68
0.25
±0.2
±0.6
±0.3
±1
±0.2
±0.1
±0.04
1.68
3.19
1.41
45.58
30.26
16.01
0.21 ±0
±0.7
±1
±0.6
±14
±2
±19
2.03
3.97
1.04
47.91
31.49
11.44
0.26 ±0
±0.9
±0.7
±0.4
±8
±0.9
±9
Italicized values not found by ICP-MS but reported by EDS.

EDS mapping of the single and multilayer prints are shown in Figures 4.7 and 4.8,
respectively. As shown in Figures 4.7 and 4.8, the mapping further suggests that the deposited
material is largely Fe and O. These images show a clear distinction of the steel substrate and the
deposited IL-Fe material by the relative concentration of Fe being significantly less in the
deposited region as well as increase O content. The single layer prints were not further
investigated due to the relative thickness of the deposition layer compared to that of the
multilayer.
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Figure 4.7

EDS mapping of Fe and O for deposited IL-Fe (300W single layer) on steel
substrate.

(1) Mounting medium, (2) deposited IL-Fe, (3) steel substrate. (a) Electron image, (b) O map, (c)
Fe map.

Figure 4.8

EDS mapping of Fe and O for deposited IL-Fe (300W multilayer) on steel
substrate.

(1) Mounting medium, (2) deposited IL-Fe, (3) steel substrate. (a) Electron image, (b) O map, (c)
Fe map.
4.3.4

Microstructure
The microstructural images of the IL-Fe disks are shown in Figure 4.9.
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When the micrographs of the deposited IL-Fe plates were investigated, it was noted that
the 250 W disk showed significantly more cracking versus the 200 and 300 W sets. While only
laser power was a variable for these prints, at the center of the build plate (where the 250 W
multilayer print was completed) there is a 30 mm diameter recess for the build plate elevator
resulting in a 2.6 mm thick region, whereas the remainder is 9.1 mm thick. This leads to a
possibility that the 250 W multilayer plate was embrittled by result of a greater thermal gradient
when compared to the opposing disks [103], [104]. Figure 4.9 (d) provides a higher
magnification micrograph of the deposited IL-Fe showing the structure of the deposited material
and shows weak adhesion to the build plate. While the mechanism for this delamination was not
further studied, it is likely due to cracking formed during rapid cooling resulting in high residual
stresses from the thermal expansion differences or a lack of chromium (Cr) enrichment available
for oxide adherence [105]–[107].
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Figure 4.9

Microstructural images of deposited IL-Fe disks.

Processed under laser powers of (a) 200 W, (b) 250 W, and (c-d) 300 W. (1) Polyfast mounting
medium, (2) deposited IL-Fe, and (3) mild steel substrate.
The deposition thicknesses of printed disks with respect to laser power are compared in
Table 4.4. Deposition measurements suggest a greater laser input is necessary to melt and
deposit IL-Fe (p<0.05). When compared to 316SS, the specific heat of Fe3O4 is significantly
greater (0.87 versus 0.5 J/g/°C). Along with the use of magnetite in radiation shielding [108],
the deposition results showed that the laser absorptivity of Fe3O4, and therefore the IL-Fe used
here, is likely very low.
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Table 4.4

Deposition thickness measurements for IL-Fe plates.

Disk (processed with a laser power of)
Measured thickness (μm)
200 W
9.1 ± 4
250 W
16.4 ± 8
300 W
21.0 ± 7
n=15 measurements across each disk cross section to identify a representative average thickness.
4.3.5

XRD
The XRD analysis results for the printed plate are shown in Figure 4.10. The XRD

results for the 300 W printed plate show that the deposited material is wüstite (FeO). Wüstite is
a common formation in the oxide layer of steel plate, along with hematite and magnetite, where
the wüstite thickness fraction will increase with increasing cooling rate [109], [110].

Figure 4.10

XRD data for the 300 W IL-Fe disk.

XRD performed on printed face, build plate alone, and subtraction method.
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Due to the rapid cooling rates experienced in AM components, as well as the lack of
available oxygen during printing, this deposited FeO was unable to form into Fe2O3 and Fe3O4.
From the redox reaction of Fe3O4, some C from the build plate likely supplied the reactant
necessary to form FeO and carbon monoxide gas during the print. This reaction is shown in
Equation 4.3.
𝐹𝑒𝑂 ∗ 𝐹𝑒2 𝑂3 + 𝐶 → 3𝐹𝑒𝑂 + 𝐶𝑂

4.3.6

(4.3)

Hardness Testing
The microhardness testing results for the printed IL-Fe plates are shown in Table 4.5.

From the hardness testing results, there is statistical significance between the three printed
samples (p<0.05). It was also noted that approximately 25% of indentation attempts resulted in
cracking at the 10 gf applied load and 100% of the indentations with a 25 gf load. Cracking to
this degree is expected of the deposited material due to remaining in an oxide form (ceramic,
FeO). The 250 and 300 W plates were more consistent for hardness measurements further
indicating that the IL-Fe in this form was preferable to printing with a greater laser power. The
average hardness observed at 250W provides further evidence of a significant increase in cooling
rate due to the thinner section of the build plate. Future investigation using the described
approach will require screening of plates and build regions to ensure a critical build plate
thickness. This additional control on materials will prevent the observed variation due to thermal
gradients [104]. Overall, the hardness results confirm that the IL-Fe, in the form used here,
favors higher laser powers by producing less reduced variance with the two higher wattage
parameter sets.
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Table 4.5

Vickers microhardness results of IL-Fe plates.

Disk (processed with a laser power of)
200 W
250 W
300 W
n=3 for each disk, ±st. dev.
4.4

VHN10
666 ± 144
845 ± 24
533 ± 77

Conclusions
There exist multiple logistical challenges for producing the materials required to develop

a habitable environment on the Martian surface for humankind. Traditional Fe-manufacturing
approaches used on Earth may not be feasible due to the lack of available energy and tooling
necessary to develop large casting facilities. Post processing capabilities are likely also limited
due to the amount of heat and work required to produce steel alloys. Furthermore, for AM
processes, there are added constraints of sourcing Fe from another planet to build components
potentially without the resources required to produce spheroidized powders or other equipment
used terrestrially.
Fe sourced from the IL harvesting process at MSFC was used as feedstock for PBF-LB
and was printed into single and five layer disks. Microstructural, chemical, allotropic, and
mechanical investigations were carried out on the resultant multilayer builds. Results
demonstrated that viable deposition can be produced using a commercially available AM
method. In the current state of production, however, it is shown that higher laser powers are
likely to provide more deposition, greater uniformity, and better mechanical properties of an ILFe component. The IL-Fe feedstock results, when compared to those of traditional sources,
suggest that advancements are needed in feedstock production to control powder morphology, to
reduce Fe3O4 in the powder, and to increase the scale of production to allow for proper powder
dispersion capabilities during AM investigations. However, alternative uses for oxidized
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material are also available. As-ground IL-Fe flow properties should be investigated in the future
to determine the viability of producing IL-Fe AM components if a spheroidization operation is
not feasible on the Martian surface. While the IL-Fe utilized for this study could not be used to
define a baseline of parameters for PBF-LB, the presented experimental work here highlights the
necessary steps that will provide a viable feedstock made from IL-Fe for AM of metallic
components on the Martian surface. Currently, there is a lack of published work using IL-Fe as
feedstock for AM in an extraterrestrial setting; therefore, this is certainly a topic to be explored
further. Overall, these investigations show that IL-Fe is be a promising feedstock material for
AM on the Martian surface. Observed limitation will require improvements in material
manufacturing and processing, specifically production rate and oxidation control.
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CHAPTER V
COMPARISON STUDY OF DUCTILE IRON PRODUCED WITH MARTIAN REGOLITH
HARVEST IRON FROM IONIC LIQUIDS AND BOSCH BYPRODUCT CARBON
FOR IN-SITU RESOURCE UTILIZATION VERSUS COMMERCIALLY
AVAILABLE 65-45-12 DUCTILE IRON

5.1

Summary
As researchers continue to study methods to facilitate long-term missions beyond low-

Earth orbit, the ability to manufacture high-quality mechanical and structural components on the
Lunar and Martian surfaces remains a crucial piece to the puzzle for a sustained presence. Due
to the immense cost of sending supplies to extraterrestrial bodies, in-situ resource utilization
(ISRU) methods may prove critical for the success and feasibility of these habitation missions.
Ionic liquids (ILs) are currently being studied at NASA’s Marshall Space Flight Center (MSFC)
to harvest elemental metals from meteorites and regolith minerals. Additionally, the Bosch
process is being explored as a life support system at MSFC for oxygen (O2) regeneration,
producing a byproduct of elemental carbon (C). In this investigation, the viability of casting DI
using IL-sourced iron (IL-Fe) and Bosch C was studied given the range of applications and
performance of DI as an as-cast alloy. Ingots were produced using commercial elements to
simulate the use of IL-Fe with C sourced from the byproduct C of the Bosch process. Samples
were cast and compared to commercially available 65-45-12 DI with phase transformation
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diagrams, microstructures, and hardness. Results showed that IL-sourced elements are a viable
source of elemental alloying materials for a range of DI alloys, with some limitations.
5.2
5.2.1

Materials and Methods
Material Acquisition and Casting
In this study, a commercially available 65-45-12 DI (Dura-bar, Fort Worth, TX) (OD =

32 mm) was acquired as the control material. Due to the limited production of IL-Fe, a
composition was used that simulated the use of IL-Fe in casting an alloy with similar properties
to the 65-45-12 control DI, hereafter referred to as Sim-IL-DI. The composition of the IL-Fe
was found with inductively coupled plasma mass spectrometry (ICP-MS) analysis at MSFC.
The ICP-MS analysis results revealed that approximately 60.5 wt.% of the samples were
metallic, while another study at MSU used energy dispersive X-ray spectroscopy (EDS) to
conclude that the remaining 39.5% was predominantly oxygen due to oxidation in the
electrochemical cell during the IL extraction process [111]. Due to the nature of steelmaking
using metallic elements and the advancements in IL-Fe production that are underway, it is
assumed that the baseline of IL-Fe bulk composition will be similar to that of the metallic
composition as found by ICP-MS analysis. The normalized metallic composition of the IL-Fe is
shown in Table 4.2.
The composition for the Sim-IL-DI casting was chosen by starting with the IL-Fe
simulant as a baseline. C content of the Sim-IL-DI was targeted slightly lower with Si slightly
higher than the 65-45-12 DI alloy as the difference in properties from a lack of C would likely be
offset by the increased Ni and Mn in the IL-Fe composition. This combination of elements was
selected to produce a Sim-IL-DI alloy with similar properties to the 65-45-12 DI with minimal
additions to the IL-Fe metallic composition.
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A Mg-ferro-Si master alloy was used in the form of ELMag 5548 master alloy that was
supplied by Elkem (Oslo, Norway) with a composition of 5.5Mg-48Si-Fe with trace La and Ca,
and an average size of approximately 19 mm. The supplied composition of ELMag 5548 master
alloy is shown in Table 5.1.
Table 5.1

Composition of ELMag 5548 master alloy.
Si

Al

ELMag
46.54
5.48
5548
Composition values in wt.%

Ca

Mg

0.791

1.099

Rare Earth
(RE)
0.01

Fe
Bal.

To cast the Sim-IL-DI, the charge calculation using feedstock purities and recovery rates
(found experimentally through previous castings at MSU) was completed in conjunction with the
master alloy composition to ensure the resulting alloy would be in the prescribed range. All raw
materials for casting the Sim-IL-DI were commercially sourced, with the exception of elemental
C, which was sourced from the C-Fr at MSFC, with all elements having a more than 98% purity.
The Mg recovery from the ELMag 5548 master alloy was found to be approximately 33% from
preliminary castings. The elements were added to a crucible in a Dongyang IMF Co., LTD
(Incheon, South Korea) vacuum induction melt furnace (VIMF) with the C wrapped in a paper
tissue pouch to prevent C powder from being pulled into the vacuum pumps during evacuation.
The master alloy was placed into a rectangular casting mold (25.4 mm  203 mm  254 mm)
designed to cast 11.3 kg ingots. The chamber was pumped down to a 1.310-9 MPa (10-5 torr)
and then backfilled to 0.3 MPa vacuum with argon (Ar) gas. The furnace was started at a power
of 10 kW and ramped up in 10kW intervals every 10 minutes until the crucible charge was fully
molten, which occurred around 60 kW. Once fully liquid, the charge was cooled by ramping
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down the input power until the molten pool was 1450 °C; it was then poured into the ingot mold.
The ingot was allowed to cool in the VIMF until it reached ambient temperature and was
subsequently removed from the mold. Before the Sim-IL-DI ingot was analyzed, a normalizing
heat treatment was completed by placing the ingot into a Sentrotech ST-1500C-161622
(Strongsville, OH) box furnace set to 900°C. The ingot was soaked for two hours in an argonpurged environment before being removed and allowed to air cool. This normalizing heat
treatment was carried out to remove any dendritic structure as well as to homogenize the ingot
for future sample extraction.
5.2.2

Chemical Composition
The compositions of the DI materials were measured using a combination of a Spectro

Spectromaxx (Kleve, Germany) spectrometer (using optical emission spectrometry or OES) and
a LECO CS744 (St. Joseph, MI) C/S analyzer (measuring carbon and sulfur (S) content through
separate non-dispersive infrared cells for SO2 and CO2 from combustion). The top 25 mm was
removed from the Sim-IL-DI ingot to remove any potential slag from being included in further
analysis. Chemical composition samples were cut from the bottom 25 mm of the ingot with OES
measurements taken at multiple locations across the cross section (n=10). C/S analyzer samples
were cut from the middle of this cross section (n=3).
5.2.3

Dilatometry
A Dynamic Systems Inc. Gleeble 3500 (Poestenkill, NY) thermal-mechanical simulator

was used to complete dilatometry testing. Cylindrical dilatometry samples were measured at 9
mm in diameter and 25 mm in length. K-type thermocouples were welded to the sample at the
lengthwise center. The 0.1°C/s and 1°C/s cooling rate samples were then placed between
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tungsten carbide anvils, with a compressive load of 75 kg to ensure the sample maintained
adequate contact for current flow, given that the samples would be heated through Ohmic/Joule
heating. To achieve higher cooling rates, the 10°C/s cooling rate samples were placed between
low carbon steel electrodes which were then held by copper grips, as shown in Figure 5.1.

Figure 5.1

Gleeble setup for continuous cooling transformation (CCT) dilatometry.

Setup shown for 10°C/s cooling rate test: (1) test sample, (2) dilatometer, (3) thermocouple, (4)
conduction rods, (5) copper grip.
A Gleeble 39018 CCT dilatometer was used to measure the change in diameter
throughout the test and was placed directly in line with thermocouples. The testing chamber was
evacuated using a vacuum pump and then backfilled with helium gas to provide an inert
environment. Once backfilled, the sample was heated at a rate of 5°C/min to a maximum
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temperature of 900°C for full austenitization of the sample. The sample was held at 900°C for
30 min. to give C from the graphite nodules adequate time to fully saturate the austenite matrix.
The sample was cooled at the prescribed cooling rate (0.1, 1, or 10°C/s) until 20°C using the
Gleeble GN9300AS1 quench head if required. The sample was then removed, and a new sample
was used for each cooling rate to prevent potential effects from successive testing due to a loss in
graphite fraction [112]. While a loss in graphite fraction could have occurred during
normalization as well, this is not of concern as the goal is to ensure each Gleeble tested sample is
as identical as possible for analysis.
5.2.4

Microstructure
Metallographic samples for the commercial DI material were removed as a cross section

of the bar and analyzed from edge to center. Samples of the Sim-IL-DI were cut at least 25 mm
from the edge of the ingot. For the dilatometry samples, a Struers Minitom (Copenhagen,
Denmark) cutting machine with a 127 mm (5 inch) diamond cut-off wheel was used to cut the
sample at the thermocouple location. All samples were polished and etched using a 2% Nital
etchant with optical micrographs taken using a Zeiss Axiovert 200M (Jena, Germany) optical
microscope.
Phase fractions of both DI materials were found using the contrast particle function in
ImageJ software (National Institutes of Health, Public Domain) from optical micrographs. For
graphite volume, the as-polished micrographs were used (prior to etching).
After etching, the ferrite and pearlite area fractions were found as shown in Equation 5.1.
However, if martensite and/or bainite were present, the Nital etched image would be used to find
both ferrite and pearlite fractions to determine the total combined martensite and bainite., shown
in Equation 5.2. Because martensite and bainite are indistinguishable with Nital, a sodium
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metabisulfite (SMB) etching was then performed. Using Equation 5.3, the SMB etched
micrograph was used to measure the martensite fraction, and this martensite fraction was
subtracted from the combined value found from Equation 5.2 to provide the remaining bainite
fraction.
𝑃𝑒𝑎𝑟𝑙𝑖𝑡𝑒% = 100 − (𝐺𝑟𝑎𝑝𝑖𝑡𝑒% + 𝐹𝑒𝑟𝑟𝑖𝑡𝑒%)

𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑𝑀𝑎𝑟𝑒𝑛𝑠𝑖𝑡𝑒% 𝑎𝑛𝑑 𝐵𝑎𝑖𝑛𝑖𝑡𝑒% = 100 − (𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒% + 𝐹𝑒𝑟𝑟𝑖𝑡𝑒% + 𝑃𝑒𝑎𝑟𝑙𝑖𝑡𝑒%

𝐵𝑎𝑖𝑛𝑖𝑡𝑒% = 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑𝑀𝑎𝑟𝑒𝑛𝑠𝑖𝑡𝑒% 𝑎𝑛𝑑 𝐵𝑎𝑖𝑛𝑖𝑡𝑒% − 𝑀𝑎𝑟𝑡𝑒𝑛𝑠𝑖𝑡𝑒%

5.2.5

(5.1)

(5.2)

(5.3)

Mechanical Testing
Mechanical testing was performed by a combination of Brinell (BHN) and Rockwell

(HRB/HRC) hardness tests. A King Brinell tester (Phoenixville, PA) was used for BHN testing
and a LECO LR-300TD tester (St. Joseph, MI) was used for Rockwell hardness.
5.2.6

Continuous Cooling Transformation Diagrams
Continuous cooling transformation (CCT) diagrams were formed using dilatometry data

using Origin 2017 software (OriginLabs, Northampton, MA). The dilatometer data from the
Gleeble tests was imported and the CCT toolbox plugin within Origin was used to locate and plot
the transformation start and finish temperatures.
5.3
5.3.1

Results and Discussion
Chemical Composition
The compositions of the two DI materials are shown in Table 5.2.
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Table 5.2

Chemical composition summary of 65-45-12 DI and Sim-IL-DI.

C
Si
Mn
Ni
3.75
2.28
0.135
0.054
±
±
±
±
0
0.06
0.003
0.02
Sim3.35
2.58
0.31
0.12
IL-DI
±
±
±
±
0.04
0.06
0.01
0.01
Composition values in wt.%, n=10, ±st. dev.

Al
0.007
±
0.0001
0.04
±
0.002

65-4512 DI

Co
0.020
±
0.003
0.06
±
0.007

Ca
0.003
±
0.0024
0.003
±
0.0002

Mg
0.030
±
0.003
0.03
±
0.004

Fe
Bal.
Bal.

While the chemistries for these materials are not fully identical, the Sim-IL-DI was aimed
at achieving similar properties with minimal addition to the IL-Fe plus Bosch C DI mixture.
5.3.2

Dilatometry
The dilatometry curves for samples cooled at 0.1, 1, and 10°C/s are shown in Figure 5.2,

with transformation temperatures shown in Table 5.3.
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Figure 5.2

Dilatometry curves of Sim-IL-DI and 65-45-12 DI.

Dilatometry curves are for (a) 0.1°C/s cooling rate, (b) 1°C/s cooling rate, and (c) 10°C/s cooling
rate.
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Table 5.3
Cooling
Rate (°C/s)

Transformation temperatures of 65-45-12 DI and Sim-IL-DI.
Material

FS (°C)

FF/PS (°C)

PF/BS (°C)

BF (°C)

MS (°C)

65-45-12
760
682
649
DI
0.1
Sim-IL
761
677
650
DI
65-45-12
753
673
649
DI
1
Sim-IL
756
668
642
DI
65-45-12
705
577
447
168
DI
10
Sim-IL
695
575
360
171
DI
Inclusive of 0.1, 1, and 10°C/s cooling rates showing Ferrite start (FS), Ferrite finish (FF),
Pearlite start (PS), Pearlite finish (PF), Bainite start (BS), Bainite finish (BF), and Martensite start
(MS).
Transformation temperatures for the materials cooled at 0.1°C/s were nearly identical
(within 5°C) between the two DI materials. At the beginning of cooling in the 0.1°C/s cooling
rate tests, a difference was noted in the starting dilation of the materials (0.58 vs. 0.54 mm). This
is due to a greater change in the Sim-IL DI microstructure (observed as diameter) during the 30
minute hold as compared to the commercial DI. Once the samples were cooled below
approximately 725°C, the diameters of the sample dilations were observed to be equivalent,
similar to those of the 1 and 10°C/s cooling rate tests. This indicates that the hold at 900°C was
successful in fully austenitizing the samples and allowed for a similar starting point which, in
turn, allowed for comparable transformation points. The continued dilation from 900°C to
860°C suggests that C from the graphite nodules was still able to diffuse into the austenite due to
the slow rate of cooling. This continued dilation is similar in both materials, and the curves
overlap below 725°C.
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The dilatometry curves for the 1°C/s cooling rate test samples are nearly identical between the
two DI materials within 7°C. With a more rapid cooling rate, the continued dilation at the start
of cooling did not occur, indicating that the rate of cooling was sufficient to slow down the
continued diffusion of C into the austenite thereby maintaining C within the matrix. Two small
pauses in contraction were seen at approximately 475 and 420°C on the 65-45-12 DI. Due to the
slope of the dilatometry line being equal on both sides of these stalls, and the flat nature of these
stalls, it was determined that these discontinuities were caused by the dilatometer sticking open
for a short period before continuing with sample contraction.
Dilatometry from the samples cooled at 10°C/s showed similar paths. Transformation
temperatures are similar for all, except for BF. This completion of bainite was seen at 87°C
hotter in the commercial DI material indicating that the transformation was purely into upper
bainite while the Sim-IL-DI allowed for a transformation into upper and lower bainite (lower
bainite completing transformation between 250-400°C) before the continuation into Ms.
5.3.3

Microstructure
Prior to dilatometry, the initial microstructure of each material was analyzed in order to

define the starting points of the dilatometry samples. The as-received microstructure of the 6545-12 DI and the as-normalized microstructure of the Sim-IL-DI are shown in Figure 5.3 with
corresponding phase fractions listed in Table 5.4.
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Figure 5.3

Starting microstructures of DI materials.

(a) As-received 65-45-12 DI and (b) as-normalized Sim-IL-DI.
Table 5.4

Area phase fractions of starting materials.

Graphite
65-45-12 DI
11.2 ± 0.6
Sim-IL-DI
11.9 ± 2
Values shown in % of area, n=6.

Ferrite
58.1 ± 6
76.5 ± 2

Pearlite
30.7 ± 6
11.6 ± 2

The starting microstructures of the two DI materials differ significantly in the amounts of ferrite
and pearlite present due to the lack of quenching applied to and larger section thickness the SimIL-DI, i.e., the Sim-IL-DI cooling much more slowly than the commercial DI. This difference in
area fraction was expected, and the hold at 900°C during dilatometry testing showed a common
start point can be obtained prior to cooling. Graphite volume for the Sim-IL-DI material was
slightly lower, as expected, due to the lower resultant C composition.
Micrographs for each material following dilatometry are given in Figures 5.4-5.6. Area
phase fractions for all dilatometry samples are shown in Table 5.5.
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Figure 5.4

Microstructures of DI materials.

(a) 65-45-12 DI and (b) Sim-IL-DI cooled at 0.1°C/s.

Figure 5.5

Microstructures of DI materials.

(a) 65-45-12 DI and (b) Sim-IL-DI cooled at 1°C/s.
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Figure 5.6

Microstructures of DI materials.

(a) 65-45-12 DI and (b) Sim-IL-DI cooled at 10°C/s.
Table 5.5
Cooling
Rate (°C/s)

Area phase fractions of dilatometry samples.
Material

Graphite

65-45-12
13.0 ± 0.3
DI
0.1
Sim-IL
10.2 ± 0.4
DI
65-45-12
11.7 ± 1
DI
1
Sim-IL
10.3 ± 2
DI
65-45-12
10.5 ± 1
DI
10
Sim-IL
13.0 ± 0.7
DI
Values shown in % of area, n=6, ±st. dev.

Ferrite

Pearlite

Bainite

Martensite

81.6 ± 2

5.4 ± 2

-

-

73.9 ± 1

15.9 ± 1

-

-

35.0 ± 4

53.3 ± 4

-

-

32.0 ± 4

57.6 ± 4

-

-

1 ± 0.3

44 ± 4

39.1 ± 4

4.8 ± 4

1 ± 0.6

15 ± 4

60.1 ± 4

10.9 ± 4

For the dilatometry samples, the graphite area fraction was again lower for each of the
Sim-IL-DI materials, with the exception of the 10°C/s cooling rate tested samples. The general
trend of results showed a larger area fraction of harder phases in each of the Sim-IL-DI samples,
predominantly in the 10°C/s cooling rate tests. It was determined that due to the larger quantity
of Mn and Ni in the Sim-IL-DI, both of which are austenite stabilizers, this allowed for a slightly
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larger fraction of pearlite to form in the 0.1 and 1°C/s cooling rate tested samples and a much
larger fraction of bainite and martensite to form in the 10°C/s cooling rate tested sample.
5.3.4

Mechanical Testing
Hardness testing data obtained from both DI materials is summarized in Table 5.6.

Table 5.6

Hardness values of DI materials.

Cooling Rate
(°C/s)

Material

BHN

HRB

HRC

65-45-12
207 ± 13
94 ± 3
17 ± 3
DI
As-received /
As-normalized
Sim-IL
157 ± 2
83 ± 0.6
2 ± 0.8
DI
65-45-12
151 ± 4
81 ± 1
1±1
DI
0.1
Sim-IL
148 ± 1
81 ± 0.4
0
DI
65-45-12
219 ± 7
96 ± 1
20 ± 1
DI
1
Sim-IL
211 ± 3
95 ± 0.4
18 ± 0.7
DI
65-45-12
414 ± 6
114 ± 0
44 ± 6
DI
10
Sim-IL
510 ± 17
119 ± 0.8
53 ± 1
DI
Bolded figures signify a measured value and non-bolded are conversions from the measured
value for comparison, n=5, ±st. dev.
Hardness values for the two DI materials were as predicted based on phase fraction
results. For the 0.1 and 1°C/s cooling rate tested samples, the materials are nearly identical in
hardness values with the 65-45-12 DI being slightly greater. This is expected to be due to the
larger area fraction of graphite present in the 65-45-12 DI at 0.1 and 1°C/s cooling tested
samples. For the 10°C/s cooling rate tested samples, the matrix phase fraction, and therefore
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hardness, of the Sim-IL-DI is high enough to overcome this graphite disparity, giving a larger
hardness figure.
5.3.5

Continuous Cooling Transformation Diagrams
The resultant CCT diagrams for both DI materials are shown in Figure 5.7.

Figure 5.7

CCT diagrams for tested DI materials.

(a) 65-45-12 DI and (b) Sim-IL-DI.
The CCT diagrams generated for the DI materials are very similar based on the
experimentation completed for this study. The primary difference was the transformation into
lower bainite for the Sim-IL-DI material, while the 65-45-12 DI only had an upper bainite
transformation. This variation is captured by a subtle leftward nose shift for the Sim-IL-DI,
which was expected due to the additional presence of Ni and Mn austenite stabilizers.
5.4

Conclusions
Sustainable and economical Martian habitats for astronauts may require ISRU techniques

for supplying building materials. Most terrestrial methods for obtaining feedstock material for
steelmaking will be difficult, if not impossible, on the surface due to insufficient energy
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resources and equipment, and hot work must be minimized. However, by combining IL and
Bosch technology, the ability to produce DI alloys is feasible. DI alloys present a workable
material for mechanical and structural components due to DI’s ability to perform as-cast.
A DI alloy was designed to investigate the viability of producing DI using an IL-Fe
simulant and Bosch-sourced C for Martian infrastructure due to the performance of DI as an ascast alloy. Microstructural, mechanical, and dilatometry analysis results for the produced DI
were compared to a commercially available DI and revealed similar metallurgical properties,
with some differences emerging as the cooling rate increases. Casting of the DI in the Martian
environment could allow for greater liquid and comparable atmospheric cooling rates as
compared to Earth due to the colder climate. The variations in this work are attributable to the
differences in chemical composition, namely the additional Ni present in IL-Fe and not by the
Bosch C. Further research will be required into the use of IL-Fe and Bosch C alloying; however,
these results suggest this work would be valuable. The properties obtained during this research
suggest that a satisfactory DI alloy could be cast using IL-Fe as the primary feedstock and the
processing parameters can be varied to produce a range of properties. With the availability of
additional alloying element sources, an IL-DI could allow for the production of gears, tools, and
plumbing hardware, and structural materials such as rebar and bolts on Mars.
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CHAPTER VI
EFFECTS OF NICKEL AND MANGANESE ON DUCTILE IRON UTILIZING IONIC
LIQUID HARVESTED IRON AND BOSCH BYPRODUCT CARBON
6.1

Summary
To increase the probability of success of surface missions and the eventual long-term

habitation of the Lunar and Martian surfaces, a ready supply of construction materials for
machine components, tools, plumbing, and more must be available. The financial burden of
launching these materials from Earth is considerable, and possibly prohibitive; therefore, in-situ
resource utilization (ISRU) technology may be required. The Martian regolith and atmosphere
contain numerous elements for producing bulk metal components; however, these elements are
almost exclusively found as compounds. The use of ionic liquids (ILs) for elemental metal
harvesting is being researched by NASA’s Marshall Space Flight Center (MSFC) to extract
feedstock materials from local regolith and meteorites. Studied at MSFC as a life support
system, the Bosch process produces a byproduct elemental carbon (C). This chapter details the
refinement of a DI designed to simulate the combination of IL-Fe and Bosch C, by investigating
the effect of Ni and Mn additions on IL-DI properties. Dilatometry was used to evaluate how the
properties of the IL-DI might vary when produced in the Martian environment. DI ingots were
cast using commercial elements with C produced via a C formation reactor (C-Fr) at MSFC with
microstructural, hardness, and phase diagram analyses completed. Results suggested that the
combination of IL-Fe and Bosch C could be a viable means of producing DI alloys in-situ and,
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with the quantities used here, the use of Ni could be more beneficial to alloy customization than
Mn additions for IL-DI alloys.
6.2
6.2.1

Materials and Methods
Alloy Design and Casting
by specifying low and high Ni (LNi and HNi) and low and high Mn (LMn and HMn)

targets, a 2x2 matrix of DI alloys was designed for comparison. The target compositions for
these DI alloys are shown in Table 6.1. For this study, a DI alloy was designed to simulate the
alloying of IL-Fe and Bosch C only (designated as the low-Ni, low-Mn (LNi-LMn) alloy) where
the materials would be added to a crucible together and melted prior to casting, with only minor
modifications. Starting with the composition results for IL-Fe via ICP-MS (Table 4.2), the
magnesium (Mg) was reduced from these ICP-MS results (2.3 ± 0.3 wt.%) as the range of Mg
for DI production is 0.02-0.04 wt.%, dependent on sulfur (S) content and section thickness [62].
The C content was chosen as a middle-ground value of C for DI. As current laboratory scale ILFe production is currently limited to a production rate of 1-2g/day, commercially available
elements ( 98% purity) were used with the exception of the alloying C, for which Bosch C from
MSFC’s C-Fr was used. A MgFeSi master alloy was used (ELMag 5548, Elkem, Oslo, Norway)
for Mg nodularizing, and the silicon (Si), calcium (Ca), and aluminum (Al) quantities were
accounted for in the charge calculation. All other feedstock materials were >98 wt.% purity.
Charge calculations were completed using the target composition with element purities
and recovery rates found by MSU researchers. With the LNi-LMn alloy designed, an individual
Ni and Mn alloying addition quantity was chosen. For the high Ni value, 4 wt.% was chosen to
provide a significant difference in properties and to reflect the quantity used by Hsu et al. [113].
For the high Mn value, 1 wt.% was chosen as the maximum recommended before Mn
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segregation becomes a significant issue [67]. These additions created a 22 matrix of DI alloys
for comparison, and the compositions are shown in Table 6.1.
Table 6.1

Target chemical compositions for IL-DI alloys.
C
3.50

Si
Mn
Ni
Al
Co
Na
1.35* 0.41* 0.13* 0.04* 0.06* 0.0

Ca
0.0

Mg
Fe
0.035** Bal.

Low
Target
NiRange
3.351.30- 0.36- 0.10- 0.00.05- 0.0- 0.0- 0.025Low

3.65
1.40 0.46 0.14 0.8
0.07 0.02 0.02 0.035
Mn
High
Target 
4.0








NiRange 








3.8Low
4.2
Mn
Low
Target 
1.0
0.13* 






NiRange 






0.90.10- 
High
1.1
0.14
Mn
High
Target 
4.0








NiRange 








3.8High
4.2
Mn
Composition values shown in wt.%.
*Lower than IL-Fe composition to account for recovery losses during casting. The crucible was
loaded with the composition equal to that of the composition of IL-Fe + Bosch C.
** Lowered significantly from IL-Fe due to inability to obtain nodular graphite above 0.04 wt.%
Mg.
The charge elements (except the master alloy) were added to a crucible in a Dongyang
IMF Co., LTD (Incheon, South Korea) vacuum induction melt furnace (VIMF). The Bosch C
was added first and covered with tissue paper to prevent C powder from escaping via the vacuum
pumps. The master alloy was loaded into a 25.4 mm  203 mm  254 mm rectangular casting
mold and a “pour over” method was used due to equipment limitations [64]. The total cast ingot
weight was targeted at 5kg. The chamber was pumped down to 1.310-9 MPa (10-5 torr) and
backfilled with Ar gas. Starting at 10kW, the furnace was held for 10 minutes and increased by
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10kW intervals until fully molten at around 50kW. The power was then reduced until the melt
pool reached approximately 1450°C and poured into the ingot mold containing the master alloy.
The cast ingot was then allowed to cool to room temperature before being removed. A
normalizing heat treatment was completed in an Ar-purged environment at 900°C for one hour in
a Sentrotech ST-1500C-161622 (Strongsville, OH) box furnace before being allowed to air cool
to homogenize the microstructure for uniform sample aquisition.
6.2.2

Chemical Composition
Chemical compositions were measured with a Spectro Spectromaxx (Kleve, Germany)

optical emission spectrometer (OES) for bulk measurements. To more accurately measure C and
sulfur (S), a LECO CS744 C/S analyzer (St. Joseph, MI) was used due to its specialized nondispersive infrared cells for SO2 and CO2. A 25 mm cross section was removed from the top of
each ingot in order to prevent any slag from being included in the chemical, thermal-mechanical,
or hardness analysis. Another 25 mm thick cross section was removed from the bottom for OES
and C/S analyzation.
6.2.3

Dilatometry
For dilatometry, a Dynamic Systems Inc. Gleeble 3500 (Poestenkill, NY) thermal-

mechanical simulator was used with 6 mm diameter cylinders with 22 mm length. K-type
thermocouples were welded in the lengthwise center of the sample, and a Gleeble 39018 CCT
dilatometer was placed across the diameter at the thermocouple centerline. The test chamber
was evacuated and backfilled with Ar gas to provide an inert environment. All samples were
held in compression with 33 kg of force and heated to 900°C in three minutes, followed by a
hold at 900°C for 30 minutes to saturate the austenite with C from the graphite nodules [112].
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Three cooling rates were implemented, 1, 10, and 100°C/s, down to 20°C. These rates were
chosen in order to highlight the potential for increased austenite stability due to increased Ni and
Mn. For the 1°C/s cooling rate samples, full contact copper grips were used with low carbon
steel rods to hold the sample, as shown in Figure 6.1 (a). For the 10 and 100°C/s cooling rate
tests, the sample was held directly in the copper grips as this allowed for more thermal control at
the increased cooling rate (Figure 6.1 (b)). Air was used as the quench medium for 1 and 10°C/s
cooling rate tests; however, helium (He) was required in order to obtain a 100°C/s cooling rate.

Figure 6.1

Gleeble dilatometry setups.

(a) 1°C/s cooling rate tests, (b) 10 and 100°C/s cooling rate tests. (1) quench head, (2) copper
grips, (3) dilatometer, (4) sample, (5) low carbon steel electrodes, and (6) thermocouples.
The data output from the Gleeble dilatometry tests were imported into OriginLab’s
Origin 2017 software (Northampton, MA) to plot microstructural transformation points and
construct the continuous cooling transformation (CCT) diagrams with the CCT toolbox plugin.
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6.2.4

Microstructure and Hardness
Metallographic samples were taken by cutting the cylindrical samples directly adjacent to

the thermocouple location using a Struers Minitom diamond saw (Copenhagen, Denmark). Each
sample was polished and etched using a 2% Nital etchant. Optical micrographs were taken with
a Zeiss Axiovert 200M optical microscope (Jena, Germany).
To measure phase fractions, ImageJ software (National Institutes of Health, public
domain) with a contrast particle function was used. Non-etched images were used for
quantifying average graphite volume. With the same method used in Chapter 5, Equations 5.15.3 were used to determine the area phase fraction of the DI materials. Hardness tests were
performed on a LECO LR-300TD tester (St. Joseph, MI) to measure Rockwell C scale hardness.
6.3
6.3.1

Results and Discussion
Chemical Composition
The resultant chemical compositions of the IL-DIs are shown in Table 6.2. The Ni and

Mn compositions were slightly greater than anticipated, with the exception of the HMn ingots.
The Mn recovery rate during casting was underestimated for the LMn materials, and there was a
small amount of Mn in the bulk Fe feedstock used; however, this was corrected for the HMn
castings. For the four alloys, the compositional differences in the castings were statistically
significant (p<0.05). However, for elements other than Ni and Mn, the compositional
differences found between the four alloys, which are four separate casting lots, are
metallurgically typical for different casting lots. Therefore, the compositions measured are close
enough to avoid material property variation attributable to elements other than Ni and Mn
quantities. Not included in these results is sodium (Na) as the spectrometer used does not read
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this element. Due to Na’s boiling point being much lower than Fe’s melting point, it is expected
that the small amount of Na added to the charge was vaporized [114], [115].
Table 6.2

Chemical compositions of cast DI ingots.

C*
Si
Mn
Ni
Al
Co
Na
Ca
Mg**
Fe
Low Ni- 3.53 1.43 0.497 0.150 0.053 0.081
0.004
0.046
Bal.
Low Mn ±0.02 ±0.02 ±0.003 ±0.004 ±0.002 ±0.003
±0.003 ±0.004
High Ni- 3.37 1.44
0.51
4.25
0.07
0.084
0.002
0.042
Bal.
Low Mn ±0.05 ±0.01 ±0.005 ±0.02 ±0.001 ±0.002
±0.0003 ±0.003
Low Ni- 3.59 1.36
1.01
0.156 0.056 0.062
0.002
0.044
Bal.
High Mn ±0.02 ±0.03 ±0.01 ±0.002 ±0.001 ±0.002
±0.001 ±0.004
High Ni- 3.54 1.46
1.04
4.38
0.067 0.088
0.003
0.055
Bal.
High Mn ±0.04 ±0.02 ±0.01 ±0.02 ±0.002 ±0.002
±0.002 ±0.005
Composition values shown in wt.%, n=10, ±st. dev.
*From C/S analyzer, n=3
**Lowered significantly from IL-Fe due to inability to obtain nodular graphite above 0.04 wt.%.
6.3.2

Dilatometry
The resultant dilatometry curves for samples cooled at 1, 10, and 100°C/s are shown in

Figure 6.2. The 1°C/s cooling rate tests showed a pearlite transition around 550-650°C for the
LNi materials; however, the HNi materials showed bainite (350-550°C) and martensite (<225°C)
transformations. Due to the increased austenite stability from additional Ni, these HNi materials
more readily reach these harder microstructural phases with equivalent cooling to the LNi
materials [65], [113]. For the 10°C/s cooling rate tests, all materials showed bainite and
martensite transformations. The 100°C/s cooling rate tests resulted in a small amount of bainite
with predominate martensitic transformation for the LNi materials. The 100°C/s cooling rate
HNi samples only showed a martensitic transformation. The differences in the 10°C/s and
100°C/s cooling rate tested samples are shown by the phase fractions of martensite, bainite, and
retained austenite.
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Figure 6.2

Dilatometry curves obtained from the DI materials.

(a) 1°C/s cooling rate tests, (b) 10°C/s cooling rate tests, and (c) 100°C/s cooling rate tests.
Transformation temperatures found from the dilatometry tests are shown in Table 6.3.
For the alloys investigated here, the transformations show that while increasing the Mn content
to 1 wt.% had a small effect on phase transformation at a set cooling rate, increasing the Ni
content to 4 wt.% had much more significant of an effect. This hardenability effect is
particularly seen in the 1°C/s cooling rate tests where the HNi alloys completed bainitic and
martensitic transformations while the LNi alloys resulted in ferrite and pearlite. The resultant
CCT diagrams are shown in Figure 6.3.
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Table 6.3
Cooling
Rate (°C/s)

Transformation temperatures of Gleeble dilatometry tested samples.

Alloy

Ferrite
Start

Pearlite
Start

LNi-LMn
751
631
HNi-LMn
1
LNi-HMn
737
612
HNi-HMn
LNi-LMn
HNi-LMn
10
LNi-HMn
HNi-HMn
LNi-LMn
HNi-LMn
100
LNi-HMn
HNi-HMn
Transformation temperatures are shown in °C.
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Pearlite
Finish /
Bainite
Start
558
537
545
546
541
534
571
521
506
529
-

Bainite
Finish

Martensite
Start

286
287
433
404
389
393
392
379
-

188
190
202
186
208
186
204
178
203
187

Figure 6.3

CCT diagrams for DI materials determined empirically.

(a) LNi-LMn IL-DI, (b) HNi-LMn IL-DI, (c) LNi-HMn IL-DI, and (d) HNi-HMn IL-DI.
These CCT diagrams showed the rightward nose shift for microstructural
transformations. The transformations found in the 10°C/s cooling rate tests on the HNi materials
show that the shift is large enough that only upper bainite is formed rather than a combination of
upper and lower bainite as was observed in the 1°C/s cooling rate tests.
6.3.3

Microstructure and Hardness
The normalized microstructures for the cast IL-DI materials are shown in Figure 6.4 with

the area phase fractions and hardness values shown in Table 6.4. The normalized
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microstructures were used to show the alloys’ properties without the influence of artificially
controlled cooling either by quench medium or furnace control as well as ensure sample location
throughout the ingot is not a variable during characterization. Increased Ni composition was
more influential for obtaining harder phases (bainite/martensite) than the increased Mn content
(ferrite/pearlite). The base alloy, LNi-LMn, showed characteristic white ferrite halos around the
graphite nodules with pearlite occupying the remainder of the matrix. The LNi-HMn DI was
similar with only a small decrease in ferrite and increase in pearlite fraction. With the HNi-LMn
alloy, there was a formation of bainite (tan/brown) with pearlite and minimal ferrite, shown again
as a scanning electron microscopy (SEM) micrograph in Figure 6.5 compared to the HNi-HMn
DI. For the highly alloyed DI, HNi-HMn, the micrographs showed almost exclusively bainite
around the graphite nodules. These micrographs showed that the HNi addition provides the
largest nose shift with the HMn addition causing a small relative increase.
While hardness can be estimated by phase fraction, some alloying elements (Si, Mn, Ni,
etc.) can influence hardness within the same phase. For these samples, the measured hardness
values follow the trend as expected for the increase in pearlite and/or addition of bainite.
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Figure 6.4

Optical micrographs of IL-DI alloys etched with 2% Nital.

(a) LNi-LMn, (b) HNi-LMn, (c) LNi-HMn, and (d) HNi-HMn alloys.
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Figure 6.5

SEM micrographs showing coarse plate structure of bainite.

(a) HNi-LMn and (b) HNi-HMn alloys.
Table 6.4

Alloy

Area phase fractions and hardness values of IL-DI alloys obtained from asnormalized ingots.

LNi-LMn

Graphite
8

HNi-LMn
LNi-HMn
HNi-HMn

±1

Phase Fractions (% of area)
Ferrite
Pearlite
Bainite
16
75.8
±2

±2

9.0

1.2

76.7

13

± 0.7

± 0.6

±3

±3

8.0

2.6

89.2

± 0.4

± 0.8

±1

8.4

1.0

± 0.5

± 0.3

-

Martensite
-

-

-

90.5

-

± 0.3

Hardness
(HRC)
18
±2

35
±0

26
±2

49
±2

Phase fractions are n=8, HRC measurements are n=6, ±st. dev.
The resultant microstructures for the 1, 10, and 100°C/s cooling rate Gleeble dilatometry
tested IL-DI samples are shown in Figures 6.6-6.8, respectively. For the 1°C/s cooling rate
tested samples, the resultant microstructures were similar to those found in the as-normalized
samples where the increased Ni provided a significant increase in bainite/martensite formation
and Mn supplied only a small change. For the 10°C/s and 100°C/s cooling rate tested samples,
all had transformed into a bainite-martensite mixture and showed signs of retained austenite
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(white). Martensitic transformations require a sufficient cooling rate such that an individual
austenite grain does not have time to transform into ferrite, pearlite, or bainite. As with these
other phases, martensite still has a start and finish temperature, Ms and M99%, respectively.
Alloying elements such as Ni and Mn, while typically thought of as decreasing Ms, can decrease
M99% by stabilizing austenite sufficiently. This stability can result in the formation of retained
austenite in the matrix if the transformation temperature is lowered enough, and the end-quench
temperature is greater than M99% (approximately 20°C for the samples tested here) [116].
For a Martian environment, the austenite could potentially complete the martensitic
transformation, allowing for further hardness increases due to the cooler local temperatures. It
should be noted that the final quench temperature required to complete the transformation is not
necessarily cryogenic. Due to the lower Martian atmospheric temperatures, and assuming local
liquid quenching of a cast part, such as oil quenching, more rapid cooling rates with a lower endquench temperature are possible as compared to quenching on Earth. However, as was shown in
Chapter 2, Section 6, atmospheric quenching could be somewhat slower on Mars as the pressure
is significantly less with a vastly different atmospheric composition. However, again, radiative
cooling is the dominant cooling mechanism, and the cooling rate decrease on Mars is likely
minor (2.5% decrease in total heat flux). However, because of the reduced local ambient
temperature on Mars, rapid quenching to lower end quench temperature than on Earth could
reduce the amount of retained austenite in a cast part.
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Figure 6.6

Optical micrographs of IL-DI alloys cooled at 1°C/s and etched with Nital.

(a) LNi-LMn, (b) HNi-LMn, (c) LNi-HMn, and (d) HNi-HMn alloys.
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Figure 6.7

Optical micrographs of IL-DI alloys cooled at 10°C/s and etched with 2% Nital.

(a) LNi-LMn, (b) HNi-LMn, (c) LNi-HMn, and (d) HNi-HMn alloys.
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Figure 6.8

Optical micrographs of IL-DI alloys cooled at 100°C/s and etched with 2% Nital.

(a) LNi-LMn, (b) HNi-LMn, (c) LNi-HMn, and (d) HNi-HMn alloys.
Retained austenite can result in lower hardness values as the retained austenite is much
softer than martensite [116]. Therefore, while increasing cooling rates are generally associated
with increased hardness, the presence of retained austenite can cause a reduction in bulk
hardness unless the transformation to martensite is completed. This is shown by the 10 and
100°C/s cooling rate tested samples where with the HNi composition, and with HMn to a lesser
degree, retained austenite increases, bainite decreases, martensite remains fairly constant, and the
hardness is reduced, as shown in Table 6.5. It is possible that if these samples experienced a
lower end-quench temperature, this austenite would have completed the martensitic
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transformation, and hardness would have increased; however, this was not further explored for
the purposes here. In the 100°C/s cooling rate tested HNi alloys, the matrix was nearly all
retained austenite and graphite.
The resultant hardness values for the tested IL-DI alloys behaved as expected based on
the area phase fraction results. Again, with the retained austenite present, hardness decreases are
seen in the HNi 10°C/s alloys and for all 100°C/s alloys. Increased Mn content does have some
hardness benefits; however, the hardenability from increased Ni and Mn suggests that Ni is
likely a better candidate for additional alloying for IL-DI alloys. The area phase fraction and
hardness values obtained from the tested IL-DIs are shown in Table 6.5.
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Table 6.5

Area phase fractions and hardness values obtained from Gleeble dilatometry tested
samples
Hardness
(HRC)

Phase Fractions (% of area)
Cooling
Rate
(°C/s)

Ferrite
or
Graphite
Retained
Austenite
LNi10.0
4.7
LMn
± 0.8
± 0.9
HNi10.2
0.6
LMn
± 0.6
± 0.2
1
LNi9.0
3
HMn
± 0.3
±1
HNi9.5
2
HMn
± 0.6
±1
LNi8.7
6.5
LMn
± 0.7
± 0.6
HNi9.4
15
LMn
± 0.5
±2
10
LNi8.7
7
HMn
± 0.8
±2
HNi8.4
39
HMn
± 0.7
±5
LNi9.9
16
LMn
± 0.7
±7
HNi8.4
69.8
LMn
± 0.7
± 0.3
100
LNi9.0
42
HMn
± 0.3
±4
HNi9.1
74
HMn
± 0.9
±6
Italicized values indicate ferrite, ±st. dev.
6.4

Alloy

Pearlite

Bainite

Martensite

85.3
±1

-

-

-

44
±1

45.4
± 0.9

88
±1

-

-

41
±2
70
±3
54
±6
77
±3
34
±5
43
±7

47
±2
16
±3
21
±5
7
±2
16
±1
31.2
± 0.9
21.8
± 0.3
10
±4
16
±6

-

<1

-

39
±5

-

<1

20
± 0.3

49
± 0.3

26
± 0.6

51
± 0.2

55
±0

49
± 0.5

55
± 0.5

49
±0.5

49
±1

27
±1

42
±1

11
±3

Conclusions
To create a habitable environment on Mars, the use of ISRU technology for providing

materials may prove critical. Energy resources, at least for a significant amount of time, will be
minimal on the surface, and high-temperature post-processing of metallic components may not
be feasible. The Martian environment presents many of the commonly used feedstock elements
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used in terrestrial manufacturing; however, these must be extracted from regolith, the
atmosphere, or some other sources. Using IL and Bosch processes, producing high-quality DI
alloys could be a possible method for manufacturing structural materials, machine components,
and tools for construction.
A DI material was designed to simulate the alloying of IL-harvested Fe with Bosch C
with minimal modifications to the composition. Due to the availability of extracting metallic Ni
and Mn from the surface of Mars, additions of these elements were investigated to determine the
viability of adding elements to the cast to obtain a wider range of DIs with various properties.
Microstructural, mechanical, and dilatometry analyses were performed to evaluate the materials.
Results suggest that Mn additions, up to a total of 1 wt.%, are not likely to produce as much
property variation to an IL-DI material as increasing Ni to 4 wt.%, within a similar cooling rate
scenario. Due to the colder climate on Mars, comparable cooling rates with lower end-quench
temperatures are possible allowing for large amounts of austenite to transform, providing nearfully martensitic IL-DIs to be produced with minimal elemental additions.
The materials produced in this study present a multitude of applications for ISRU-based
manufacturing. While DI alloys are commonly used for plumbing and machine components, the
large property variations that could be produced from base IL-DI with minimal alloying
additions could potentially expand the use of DI into structural components, such as rebar or
bolts, for Martian concrete support and construction. Habitats, tooling, and equipment will be
required to produce a safe environment for travelers to live and thrive. If ferrous alloys can be
produced on Mars, it would be possible to capitalize on the centuries worth of knowledge on the
subject to produce materials for infrastructure development. Specifically, the use of DI for these
components could reduce the need for post-processing, allowing for reduced energy
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consumption, while also providing a use for the large amounts of Bosch byproduct C that will be
produced during O2 reclamation.
For components that require more ductility, such as rebar or flanges, the LNi-LMn could
be a good option. In gears, cams, and other moving parts, the HNi-LMn would be an excellent
option due to the wear resistance Ni provides as well as the graphite nodule lubrication. For
tools, a combination of multiple alloys could be used. A hammer may be favorable for a more
ductile handle (LNi alloys) with a higher hardness head (HNi alloys) due to the repeated impact
that will occur during geological research or construction. More mechanical testing, such as
tensile, compression, and fatigue testing, will be required to provide more property data on these
materials; however, their potential uses could be vast for in-situ applications.
Research on IL-harvest metals and Bosch C for metallic building materials is ongoing,
and this work shows that these ISRU technologies should remain as high-interest systems. The
results presented here suggest that a wide range of IL-DI alloys can be produced with IL-Fe and
Bosch C as the primary feedstock materials, and minor alloying additions can be used to further
expand the properties and applications.
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CHAPTER VII
DISCUSSION, FUTURE WORK, AND CONCLUSIONS
7.1

Discussion and Applications
There are significant logistical challenges that must be overcome in order to complete

successful long-term Martian habitation missions. Some manufacturing and mining methods
used on Earth are not feasible until a fully functioning civilization and power grid are well
established due to the lack of readily available energy and tooling that is required. Post
processing of materials will also be limited. ISRU techniques can be used, and may prove
critical to suppling building materials on the Martian surface. There is a lack of published
research on the use of IL-Fe and Bosch C for producing high-quality ferrous alloys, and the work
presented here suggests this is a worthy consideration for future exploration.
A series of studies was completed to investigate the use of ISRU technology in DI
manufacturing. First, the Bosch byproduct C was used to produce a low C steel and gray cast
iron. Mechanical and microstructural investigations were completed to determine the effects of
using Bosch C as the alloying C source. Next, IL-Fe was used as feedstock in a PBF-LB AM
machine to determine the metallurgical limitations of the material by powder characterization
and printed sample analysis via chemical, allotropic, microstructural, and mechanical property
experimentation. It was determined that due to post processing limitations in a Martian
environment, DI would likely be a favorable choice for ferrous alloy casting in-situ. Following,
a DI alloy was designed to investigate the viability of using IL-Fe and Bosch byproduct C with
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microstructural, mechanical, and thermal-mechanical experimentation completed to compare this
alloy to a commercially available DI. Lastly, the DI alloy was refined to more accurately
simulate the alloying of IL-Fe and Bosch C, with some minor modifications. Additional alloys
were also designed using this refined material to determine the effects of Ni and Mn additions
due to their potential availability on Mars. Due to the Martian environment, dilatometry,
microstructural, and mechanical property analysis was performed at relatively high cooling rates
to showcase the potential material properties if cast without a climate controlled facility.
These ISRU-based materials do not come without limitations, particularly in terms of
scaled-up production. The Bosch C is a very fine, powder-like graphite; therefore, it tends to
float on top of the melt pool when casting if being used in the quantities seen in DI alloys. At
3.5 wt.% C, this requires that for a 25kg casting a total of approximately 925g of Bosch C is
required (>98% purity, 96% recovery). For the first human Mars mission, there will likely
include at least four people. On average, these personnel will produce approximately 1.04kg of
CO2 per person, per day. Using Equation 7.1, the total Bosch byproduct C available from O2
regeneration is calculated.

(1.04 𝑘𝑔𝐶𝑂2 ∗ 4) ∗ (

12 𝑘𝑔𝐶
⁄44 𝑘𝑔 ) = 1.14𝑘𝑔𝐵𝑜𝑠𝑐ℎ 𝐶
𝐶𝑂2

(7.1)

On this scale, the total DI production would be around 30.75 kg (67.79 lb) per day. For
example, 4 in nominal DI pipe with a 0.25 in wall thickness is approximately 4.94 kg (10.9 lb)
per foot in length [117]. This results in a net of 1.90 m (6.22 ft) of DI pipe per day. This may be
a sufficient rate for a small, four person outpost construction; however, any significant
construction projects will likely require more people and/or CO2 to be additionally sourced from
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the Martian atmosphere. Therefore, for a large scale casting operation, the Bosch reactor will
need to operate at much greater production rates than currently demonstrated on a lab scale.
Throughout the work presented here, a series of components have been produced using
IL-DI alloys. The molds used for casting were 3D printed sand molds by Hoosier Patterns
(Decatur, IN). These molds provided rapid prototype capabilities for casting using CAD
software rather than traditional sand mold production (positive pattern manufactured and pressed
into the sand). The initial IL-DI was used to cast a small ECLSS gear and was compared to that
of a printed 316SS copy, as shown in Figure 7.1. Gears are a common DI application and are a
repair component of interest for NASA. While a part of this size is likely more beneficial, this
was an excellent proof-of-concept to showcase the possibilities for IL-DI uses.
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Figure 7.1

Gears produced.

(Left) IL-DI gear cast at MSU. (Right) 316SS gear printed at MSU.
Following, once the IL-DI was refined, more components were cast at MSU to show the
potential versatility of IL-DI for in-situ manufacturing. First, a schedule 40 3 inch nominal pipe
flange was cast using the LNi-HMn alloy in order to keep hardness below BHN250 while having
additional strength above the LNi-LMn. This application is common for DI alloys and is of
interest for manufacturing operations as well as water delivery. The flange is shown in Figure
7.2.
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Figure 7.2

Pipe flange cast at MSU.

Three inch nominal, schedule 40, cast with LNi-HMn IL-DI, normalized to relieve casting
residual stresses.
As has been mentioned, rebar is of significant interest for various manufacturing centers
and habitats on the Martian surface. Therefore, 0.5 inch (#4) rebar was cast using LNi-LMn ILDI. Additionally, the rebar was annealed (heated to 900°C and furnace cooled) in order to
provide as much ductility as possible. On Mars, this would require that the casting mold is well
insulated to allow for gradual cooling. The rebar sections provided to MSFC for testing (results
not provided) is shown in Figure 7.3.
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Figure 7.3

Rebar cast at MSU.

0.5 inch diameter (#4 rebar), LNi-LMn composition, annealed to provide ductility.
Lastly, a tool was designed and produced using the HNi-LMn IL-DI, specifically a
rock/geological hammer. This alloy was chosen due to the repeated impact that a hammer would
experience. This type of tool is yet another showcase on the potential versatility of IL-DI with
minimal alloying addition. The hammer is shown in Figure 7.4.

122

Figure 7.4

Hammer cast at MSU.

HNi-LMn composition. Custom design.
7.2

Future Work
The currently available IL-Fe exhibits numerous recommended production

improvements. While harvesting rate will clearly need to be vastly improved, one of the most
significant issues is the oxidation of the plated material. This oxidation prohibits the IL-Fe to be
used in traditional AM process which also suggests that its use as DI casting feedstock is also not
possible. Advancements in morphology could also be improved to allow for seamless transition
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from harvesting to printing; however, grinding and sieving with a custom powder dispersion
system could allow for some components to be made.
A major consideration on Martian manufacturing is the efficiency to produce a desired
part. While smaller parts, perhaps with thin features, will likely be more advantageous to print,
larger components and structural materials may be preferable for casting. This bias will be
driven by energy utilization and part complexity. The graph provided in Figure 7.5 shows a
quick estimation on total energy used to print at various laser powers as a function of time with a
horizontal marker for the energy used by the VIMF at MSU during casting a 25kg ingot.

Figure 7.5

Total power required to print and cast a metal component.

The part geometry is a simple cube with varying sizes.
This figure assumes that feedstock is already processed and available (VIMF feedstock or
AM atomized powder). Therefore, a component could be designed for the Martian
manufacturing center, and the STL file could be input to QuantumAM software (Renishaw,
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Wotton-under-Edge, UK) to determine the total print time. Depending on the laser power that is
determined for the material, this time could be compared to the times on this plot to minimize
energy usage. For example, if a gear is to be manufactured on the surface, and a 400W laser
power is required, this plot suggests that if the gear will take longer than 96 hr to build, it could
be more efficient to cast it within the induction furnace.
Further investigation on the IL-DI alloys presented here is required in order to complete
the chemistry-process-structure-property relationship. Simple tensile and compression would be
valuable; however, fatigue and wear experimentation would also be critical for machine
construction and operation. These types of analyses would allow for the material to move from a
TRL 3/4 to TRL 5.
7.3

Conclusions
While improvements to production rate of both systems and control of oxidation of the

IL-Fe are recommended, this does not mean that casting DI will not be possible using these
feedstocks. Due to the environment on Mars and the level of safety that must be maintained,
significant milestones in ISRU-based energy systems, transportation, and construction materials
must be overcome. It is reasonable to conclude that provided research continues into the topics
discussed here, the results presented here suggest that IL and Bosch-based DI alloys could be a
viable solution to producing structural parts, machine components, and plumbing on the Martian
surface in-situ.
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CHAPTER VIII
STEEL AND DUCTILE IRON MANUFACTURING ON MARS – A CONCEPT
8.1

Closed-Loop Manufacturing Operation
Manufacturing steel and DI alloys on the Martian surface poses a unique challenge for

researchers. In the beginning stages, there will be a limited energy grid, and obtaining raw
material will be vastly different than on Earth. Due to these caveats, full loop closure of all
processes and harvesting systems will reduce the burden on Earth-resupply. However, with the
information presented in the prior chapters, a steelmaking process is presented in Figure 8.1
where IL and Bosch technology is used as the primary feedstock suppliers, and component
manufacturing options of AM and casting are implemented. Within this diagram, there are 17
major milestones or products to consider.
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Figure 8.1

Flowchart of closed-loop steelmaking operation

(a) Regolith mining [118], (b) IL harvesting [29], (c) produced IL-metal [29], (d) product water from IL or Bosch process [119], (e)
hydrogen gas product [120], (f) oxygen gas product [121], (g) astronaut/Martian inhabitant [122], (h) Martian atmosphere [123], (i)
series-Bosch reactor [19], (j) Bosch carbon [124], (k) metal atomization [125], (l) AM, (m) printed metal components [126], (n) ILmetal flake compaction to small ingots [127], (o) Bosch carbon compression to pellets [128], (p) melting furnace, and (q) cast
components. Black lines signify forward process movement and red lines represent recycling of material or products.
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8.1.1

Regolith Mining and Transport
In order to begin metal harvesting from regolith, there must be a moderate mining

operation present. An example is shown in Figure 8.1 (a). While the IL harvesting process may
be fairly mobile in the future, it is most likely that regolith and meteorites will need to be
acquired, transported, and stored at the manufacturing center. Remote controlled or user driven
rovers could be used, providing that fuel is available. These vehicles will likely need to be
terrestrially constructed and launched from Earth due to the sizable quantity of materials needed
to build a vehicle.
One of the largest hurdles to overcome with ISRU regolith experimentation is the
availability of quality simulants. A metanalysis by Karl, et al., 2022 [129] identified
approximately 30 simulants that have been developed. Karl also showed that of the published
properties of 10 common simulants (JSC Mars 1 and 1A, MMS, MMS 1 and 2, JSC-RN, P- and
S-MRS, and MGS-1 and 1C), the only properties in which all of them sufficiently matched
regolith measurements were chemical composition and particle size. Due to these differences,
each simulant is currently better utilized for different processes. It should be noted that many of
these simulants were developed without considering the full complement of critical simulant
properties [130]. This leads to the notion that to continue research on a large scale for ISRU
material harvesting, special attention must be given to the selection of a regolith simulant prior to
analysis and experimentation.
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8.1.2

Ionic Liquid Metal Harvesting
The IL-metal harvesting process begins in Figure 8.1 (b) where the regolith or meteorite

is digested and plated from the solution. The metal plated from the solution can then be used for
building a component via casting or AM (See Section 8.2.5 or Section 8.2.6). The product water
from Figure 8.1 (d) can be electrolyzed to generate hydrogen that is used to regenerate the IL,
and the oxygen produced can be used for respiration by an inhabitant. This product water could
also be used as drinking water, if needed; however, the H2 from water electrolysis is required for
regenerating the IL.
Currently, the IL process is limited by two factors: production rate and oxidation. In
order to make even small tools or parts, IL-metals will need to be significantly scaled up. Future
investigations should then be completed using IL-metals, rather than simulants, to study if this
material poses any differences than commercial feedstock. The oxidation issue was noted to be
caused due to the electrolysis of water; therefore, a means of electroplating the metal from
solution without electrolyzing water would be a significant advancement. The IL-Fe used in the
study detailed in Chapters 4-6 contained significant amounts of Mg. For both steel and ductile
iron, Mg of this quantity will result in degraded material properties such as increased porosity
and reduced overall strength. It is possible that in a casting scenario this Mg would be
vaporized; however, particularly for AM processes where the Mg could result in increased
porosity, the Mg content should be nearly eliminated.
8.1.3

Carbon Dioxide Capturing
On Mars, there will not be a shortage of CO2 available for Bosch process reactants.

Figure 8.1 (h) highlights the availability of CO2 from the Martian atmosphere whereas Figure 8.1
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(g) shows the recycling of metabolic CO2 from astronauts. Terrestrially, there is ongoing
research towards carbon capture, utilization, and storage (CCUS) [131]. Industries are using
these systems to remove CO2 from their high-emissions processes. Similarly, these technologies
could be used on the Martian surface to obtain CO2 from the atmosphere for use in the Bosch
process. If needed, and separation system similar to the Polaris membrane used for Bosch
reactor development could be of use to purify the CO2 prior to its use in the Bosch process.
8.1.4

Bosch Reaction and Products
The Bosch process begins at Figure 8.1 (i) where CO2 is used as the reactant. This

process then produces water and C. The water is then treated similarly as the water produced by
the IL process. The hydrogen is used to recycle back into the Bosch reaction while the oxygen
can be used for respiration or stored for other purposes (e.g. science payloads, spacesuit
recharge, propulsion, etc.). Again, the water can be used by other processes, but the hydrogen
reactant must be recycled.
The Bosch process has been studied since the late 1950’s, and optimization is now
underway for Mars missions. The main improvement point for the Bosch C formation is simply
rate. The use of Bosch C and the modifications that could be implemented for casting will be
highlighted in Section 8.2.6.
8.1.5

Metal Atomization and Additive Manufacturing
IL-metals could be used in the as-produced state. However, for AM processes, most

studies suggest that spherical morphology and specific particle size distributions will result in
greater densities and mechanical properties. With this, the IL-metal could potentially be
atomized (Figure 8.1 (k)) prior to printing (Figure 8.1 (l) and (m)). For small scale production
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and complex geometry, AM process are an excellent option, particularly if unused powder can be
recycled.
For AM produced components, there will be unique challenges due to the atmosphere and
reduced gravity on Mars. As stated by Jiang et al., 2017 [132], particularly at slower scan
speeds, penetration depth of the weld bead is significantly deeper with reduced pressure and laser
shielding is reduced. With the Martian atmosphere being a mere 0.65% of Earth’s pressure, this
could reduce the need for significant vacuum pumps. Experimentation on laser melting in a
simulated Martian atmosphere would be valuable to demonstrate the effect of a low-pressure,
primarily CO2 atmosphere on printing.
Experiments of laser melting in reduced and microgravity have been completed. The
work of Reltz et al. [133] showed that significant effects on the melted regolith simulant did not
occur; however, the powder material was placed into the system prior to experimentation. It
could be worthwhile to investigate the build quality of printed components with powder applied
at lower gravity due to the possible reduction in powder “settling” on the build plate during
application. However, for gravity-fed systems such as PBF, hopper modifications from the
terrestrial design could be sufficient despite the Martian gravity being only around 38% of Earth.
Reiss et al. 2014 [134] noted that the outlet size of the hopper to obtain a designated flowrate in
PBF systems is an approximate linear correlation with the reduction of gravity. If this flowrate is
equivalent, this could allow powders to be applied similarly considering that a wiper is used in
these systems.
8.1.6

Casting Components
Utilizing IL-metals and Bosch C could be challenging on a larger scale. While the

studies completed here were able to mix the Bosch C into solution, there is concern with getting
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a large amount of a fine powder morphology into solution. One possible solution to this is to use
a die to compress the Bosch C into pellets, similar to that in Figure 8.1 (o), that could then be
added to the crucible. This would be more similar to commercially used alloying C.
Compaction could allow the element to dissolve into solution without floating on top of the melt
pool.
For the IL-metal, the small flakes could also be difficult to use within a furnace such as a
VIMF, shown in Figure 8.1 (p) as induction melting requires solid thermal mass. An electric arc
furnace (EAF) could be used without issue. Similar to the Bosch C, if a VIMF is more favorable
for Martian production, the IL-metal could be compressed (Figure 8.1 (n)) into a semi-solid,
small ingot. This could allow for enough contact such that the induction used could melt the
charge.
Once these material hurdles are overcome, components, bars, ingots, etc. could be cast.
Shown in Figure 8.1 (q) is #4 (0.5 in diameter) rebar that was cast with IL-DI. While this
specific type of casting (bookcase sand molds) may not be the best option for rebar, casting is
likely to be the more desirable choice over AM for large scale structural and mechanical
components.
8.1.7

Loop Closures via Recycling
Due to the limitations on the Martian surface and keeping with the theme of closed-loop

operation, this system does not stop at part production. The printed components, if rejected,
could see multiple routes. If the component is simply designed or printing poorly, the
component could be recycled back into the atomization process. Companies such as Molyworks
(Cloverdale, CA) [135] are currently building systems for doing so. However, if the component
contains unfavorable impurities, the component could be ground and reprocessed through the IL
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system to harvest only the metals desired. The cast parts or ingots could also be used for
atomization feedstock to transfer into AM or they could be milled or ground to make their way
back into the IL system, as was completed for printed parts.
8.1.8

Summary
A steel and ductile iron production facility for the Martian surface was designed such that

the only inputs are regolith and CO2, along with the starting hydrogen. With this layout, all
products, including water and metal components, are used and recycled to ensure that resources
are maximally utilized.
While a wide range of tools, components, and machines could potentially be
manufactured and constructed on the surface, there is still significant infrastructure and
equipment that will need to be launched from Earth. Melting furnaces, vehicles for
transportation, initial storage and habitat facilities, hand tools, and more will be required in order
to begin the process of developing a casting and manufacturing operation on Mars. Equipment
such as conveyers could be useful for feedstock material movement; small cranes for component
lifting would be required for larger pieces. So, while a thriving operation could be viable on
Mars, the financial and logistical burden of starting the civilization must be addressed and
supported by the government and private industry. While Mars may be over 200 million km
away, the future Martian civilization is still valuable and viable.
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APPENDIX A
BENCH SCALE DEMONSTRATION OF THE BOSCH PROCESS FOR CARBON DIOXIDE
REDUCTION FOR THE STEEL INDUSTRY – YEAR 2 FINAL REPORT
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A.1

Project Objective
In order to reduce carbon dioxide emissions in human habitats on long-term missions and

improve ironmaking efficiency for the steel industry on earth, innovative techniques are needed
to provide ways to recover byproducts. One method of interests is the Bosch process, which has
been studied previously for carbon dioxide removal and water generation for life support systems
but may provide a method to reduce carbon dioxide produced during the extraction of iron from
iron ore. A bench scale system to collect gas byproducts from a lab scale blast furnace and apply
the Bosch process of carbon dioxide reduction is proposed. This work provides a mechanism to
apply methods developed at the National Aeronautics and Space Administration (NASA) to
industrial manufacturing via technology transfer. The furnace will be designed and built so that
gases exhausted from the smelting process can be collected and tested to determine the quality of
the blast furnace products and reactions. The gases from the furnace will then be directed into a
small Bosch reactor to convert oxocarbon emissions and added hydrogen into carbon and water
to reduce greenhouse gas emissions and provide raw material in the form of carbon for other
industrial processes. The blast furnace and Bosch reactor will be beneficial additions to the
existing lab scale steel production laboratory at Mississippi State University (MsSt). With the
addition of the blast furnace, the lab can mimic the complete steelmaking process from
ironmaking to alloying, rolling, and heat treating.
A.2

Project Description
NASA has extensively studied the Bosch process for life support applications for long-

term space flight missions [15], [136]–[138]. Recently, interest has increased in applying the
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Bosch process to other areas where carbon dioxide (CO2) reduction is important such as
industrial processes like iron extraction from ore, smelting.
The Bosch process is a system of reactions that begins with carbon dioxide and hydrogen
and results in elemental carbon and water [15]. The beauty of the process is that in long-term
space missions, the Bosch process provides a closed-loop carbon dioxide reduction system that
provides water that can be processed for consumption and carbon. This process could meet the
needs of TA 6.1.1.1 to provide a closed-loop carbon dioxide reduction system in NASA’s
Technology Roadmap for human health, life support, and habitation systems. On earth, this
process could provide increased efficiency and reduce environmental impact of blast furnaces by
decreasing the amount of greenhouse gas emissions and providing carbon that can be used to in
steel production. Adoption of the process by industry will speed the development of the process
in general and lead to improved technology that can be used for future space missions.
To produce iron for steelmaking, a blast furnace is used to extract iron from iron ore as
schematically illustrated in Figure A.1. The process is energy and raw material intensive and
results in the release of greenhouse gases. According to estimates by the US Environmental
Protection Agency (EPA), extraction of one ton of iron in the blast furnace results in 2.5 to 3.5
tons of blast furnace gas byproducts which consist of dust, nitrogen, carbon monoxide (CO), and
12% (0.3~0.4 tons) of carbon dioxide [139]. Ironmakers currently employ various methods to
reclaim the byproducts and reduce emissions such as recycling of a portion of the gases to burn
in the blast furnace stoves. The concept of reduction of carbon dioxide during ironmaking is so
important to the steel industry that a consortium of 48 European companies has been built to
cooperatively work towards reducing carbon dioxide emissions in a project called ULCOS, Ultra
Low Carbon Dioxide Steelmaking. ULCOS has focused on reducing CO2 emissions at current
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facilities by capturing and storing CO2 [140]. One particular benefit of the application of the
Bosch process to industry is that it would only require a retrofit of current blast furnaces instead
of complete process redesign.

Figure A.1

A schematic of an industrial blast furnace.

[141]
We propose to apply the Bosch process to a bench scale blast furnace setup to reduce the
emission of carbon dioxide gas produced during the smelting process. The setup will include a
small scale blast furnace which will be specifically designed and manufactured to collect the
blast furnace gas byproducts. The gases will be routed from the blast furnace to a tube furnace to
undergo the Bosch process system of reactions. The tube furnace will be a commercially
available horizontal tube furnace which will be modified to allow the input of hydrogen and
nitrogen needed for the Bosch process to occur. Prior to entering the Bosch reactor, the gases
will be filtered by flowing through a carbon dioxide membrane.
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Literature review will be the first task completed. The next stage of the work in Year 1
will be to design and manufacture a lab scale blast furnace with the appropriate collection
devices and safety features needed for the production of blast furnace gas byproducts. A
standard furnace design including tap holes for slag, tuyeres for gas insertion, a high volume fan
to force air through the tuyeres, an outlet for obtaining the iron, and a port for loading the ore,
coke, and flux will be modified to include a gas collection system at the top of the furnace. This
system will be designed to withstand the high temperatures and hostile environment at the top of
the blast furnace. Once the furnace has been built, tests will begin in Year 2 to consistently
produce iron from ore. After the process has been satisfactorily developed, gas collection will
begin. Gases will be collected and shipped to NASA Marshall Space Flight Center (MSFC) for
analysis to determine the concentration of gases including nitrogen, carbon monoxide, and
carbon dioxide. After the satisfactory gas quality has been achieved, the test setup to be
expanded to include a Bosch reactor built from a tube furnace. A system of pipes will be
designed and installed from the furnace collection unit to the tube furnace. The inlets for
hydrogen and nitrogen gases will also be installed on the tube furnace. The system will be
designed in Year 2 and built in Year 3. Once the system is completed, tests to apply the Bosch
process will begin.be cast and analyzed to show the Bosch carbon’s viability as the carbon
addition source. Numerous testing methods including optical microscopy, phase identification,
composition analysis, and mechanical property testing will be completed.
A.3

Year 1 Activities

A.3.1

Literature Review
An extensive literature review was completed to understand the requirements of building

and operating a lab scale blast furnace. Also, industrial contacts were consulted with at
150

AISTech 2017 to discuss the primary issues of blast furnace operation and oxocarbon
emission collection.
It was also noted that a calcium source was required in order to remove sulfur from the
ore. Traditionally, limestone is added, but the iron ore and limestone is commonly mixed and
formed into pellets for easy addition to a blast furnace.
A.3.2

Designing and Building the Blast Furnace and Gas Collection System
Rather than building a furnace, a 10 inch cupola furnace from a fabrication shop in

Reading, Pennsylvania was purchased. A preliminary gas collection system was designed to
adequately cool and collect the exhaust for analysis. The test facility was also designed with a
shed to allow for storage of raw material, tools, and the furnace. The furnace was proposed to be
mounted on a rail system to allow for the furnace to be stored inside the shed. A sandpit was
included in this layout to prevent molten iron to come in contact with moisture in the concrete
slab.
A.3.3

Obtaining Raw Material
Two tons of fluxed pellets were obtained from ArcelorMittal’s iron ore mine in Minorca,

Minnesota. After discussion from suppliers and ironmakers, one ton of foundry coke was
purchased from Hickman, Williams, and Company in Birmingham, Alabama.
A.3.4

Investigation into Carbon as Alloying Addition
Also discussed and included into this project was to investigate the viability of using the

byproduct carbon from the Bosch reactor as the carbon alloying addition in steel alloys. Dr.
Morgan Abney at MSFC provided carbon from their reactor. Our VIMF was used to produce a

151

low carbon steel and a high carbon grey cast iron. A control carbon source was also used to make
two other samples as a benchmark for the Bosch-alloyed materials.
Preliminary results were found including chemical composition and metallography
images that were to be further analyzed in Year 2. (See Chapter 3 for further study into Bosch
carbon use in steelmaking).
A.4
A.4.1

Year 2 Activities
Redesigning the Test Facility
While a facility had been designed, the layout of the area was changed. The basic

principles were adhered to, but the size of the concrete pad and building were increased to allow
for a safer work environment as well as more storage for raw material. Rather than a rail system,
the furnace was mounted on square steel tubing with caster wheels, shown in Figure A.2 (b).
Mounting on wheels enabled us to move the furnace around as we desire rather than being
limited to one direction. Side bars were also added to prevent the furnace from falling to the left
and right. A sand bed, not shown, was placed on top of these bars to keep molten iron from
coming in contact with the foundation.
A.4.2

Constructing and Retrofitting a Gas Collection System
Further research into the gas collection system showed that a more robust solution was

required. Working with senior design classes with the Mechanical Engineering department, a
new design was developed using corrugated stainless steel tubing as a heat exchanger as shown
in Figure A.2 (a). A collection hat was also installed on the top of the furnace to direct the gasses
to the heat exchanger, shown in Figure A.2 (b).
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Figure A.2

Blast test facility.

(a) Gas collection system heat exchanger and (b) Furnace with hat and rails.
When in use, the gas exiting was 80°F, half of the 160°F max that the Cole-Parmer Kynar
bags are rated for, when the ambient temp was approximately 75°F.
Figure A.3 shows an overview of the blast furnace system with the important features
labeled for clarification.
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Figure A.3
A.4.3

Labeled pictures marking the important features of the blast furnace and gas
collection system.

Blast Furnace Operation with Synchronized Gas Collection
Due to the immense back pressure on the blower from the heat exchanger, the blower that

was initially being used for melting proved vastly insufficient. With a u-tube manometer, the
maximum blast air input to the furnace was approximately 50 cfm, roughly one-third the
required blast volume for this 10 inch cupola style furnace. To compensate for this, a 15 hp
regenerative blower was purchased, Figure A.4 (a). To minimize strain on the new air pump, a
wye fitting, and valve was fitted to the exit of the furnace, shown in Figure A.4 (b), after the
spark arrestor.
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Figure A.4

Blast furnace components.

(a) Regenerative blower and (b) furnace exit valve with spark arrestor.
Due to only 5% of the blast furnace operation time requiring gas collection, this exit
valve allows us the ability to release the exhaust to the atmosphere without pushing through the
heat exchanger, reducing backpressure on the pump when unnecessary. When a gas sample is
collected, the valve is shut and the exhaust is directed through the heat exchanger.
With this varying backpressure, the blower needed to be adjustable. While this was not
available for the blower itself, a system of valves (Figure A.5) was assembled allowing the
ability to adjust flow to the blower from zero to over 200 cfm with ease.
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Figure A.5

Blower adjustment valves.

With this setup, gas collection proved successful. Few samples were taken due to one of
the primary goals at the time was refining the operation protocol for the blast furnace. The goal
was to collect as many gas samples as possible while also operating the furnace successfully
(obtaining the molten pig iron) without forming an iron plug in the taphole. Table A.1 shows the
gas compositions that have been found via a gas chromatograph at MSFC.
Table A.2

Resulting gas compositions.

Date
11 – July
Stage in Process
Preheat
Hydrogen
0.0
Oxygen
14.3
Carbon Monoxide
1.7
Carbon Dioxide
1.9
Nitrogen
78.8
Values shown are in percent.

Preheat 1
0.2
0.5
3.7
14.8
78.0

18 - July
Preheat 2
0.2
0.6
2.7
15.1
78.8

Reducing
0.9
0.5
14.6
11.5
69.7

It is important to note that the coke and iron ore charges discussed from here on are the
layers loaded on top of the coke bed once the furnace is preheated. The coke bed is the primary
heat source that is normally at 24-28 inches above the tuyeres for this operation. The coke layers
added with the iron ore are to replenish this bed as iron ore is reduced.
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Due to the high oxygen content on the preheat of July 11th, air being supplied to the
furnace greatly exceeded the amount required by the amount of coke burning at the time. To fix
this, later preheat collections were taken once the full coke bed was verified as burning. No later
collections were completed due to iron solidifying in the taphole, requiring the operation to be
shut down for the day. This situation is mended in future burns by leaving the taphole closed for
8-10 minutes once the iron ore charges are loaded and preheated. Traditionally, the taphole is left
open and closed when molten iron is spotted at the taphole. The iron ore charges were around 35
pounds of fluxed iron ore pellets and 8.9 pounds of coke between each as a test ratio of 1:4 coke
to iron.
Another melt was completed on July 18th and gave more promising results. In reading on
cupola-style furnaces, it was discovered that many operations begin with a 1:6 coke to iron ore
ratio, so we lowered the coke charge weight to around 6.5 pounds. The iron ore charge weight
remained at 35 pounds so that we would not have large amounts of iron in the furnace while still
refining the operation protocol. During the preheat phase, the levels of carbon monoxide were
lower than expected; however, it is believed this is caused by the extreme temperatures at the top
of the furnace burning the excess carbon monoxide, giving us more carbon dioxide. During
reduction, iron ore being smelted, we see a significant spike in carbon monoxide. With heat loss
to the iron, the upper furnace temperatures most likely are lower and prevent the carbon
monoxide combustion. A reducing sample was taken while tapping the furnace (releasing the
liquid pig iron). The iron hole was closed off to allow more to melt to the bottom, but solidified
again before a second tap could be completed. The solution to prevent this is to ensure the
furnace is retapped in a shorter time frame: after five minutes versus eight for 35 pound iron ore
charges.
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More burns were attempted on July 24th and 25th, but the gas collected was unable to be
analyzed due to a manufacturing error in the collection bags. The burn on the 24th was altered on
multiple fronts from previous attempts. A source in our research instructed that the first set of
iron ore charges loaded should soak in the furnace for 45 minutes with the blower shut off. It was
noticed that this would be longer than needed due to the cycle time of charges added throughout
operation. Therefore, the soak time was decreased to 25 minutes. Two iron ore charges were
added on this day. The coke layers loaded burned faster than expected previously, so the ratio
was altered to a coke weight of 10 pounds with the standard 35 of iron ore. It was believed all
iron had been tapped from the furnace; however, it was discovered during cleanout the following
day that the second charge was still in the furnace. The resolution is to attempt tapping the
furnace every 5 minutes until no iron comes out.
The melt completed on July 25th was the most successful attempt so far. We were more
comfortable in the operation, so the iron ore charge was upped to 50 pounds per layer. The coke
weight remained at 10 pounds being that the bed height seemed to be maintained with this
amount. This also allowed for the iron pool to be deep enough that slag would pour from the slag
port as it should. One charge layer was loaded. The furnace was tapped twice without issue.
Figure A.6 shows iron being successfully tapped on the operation from July 25th.
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Figure A.6

Iron being poured from cupola furnace into sand molds.

Operation date: July 25th.
The remaining step to refine the process is to ensure that the iron tapped from the furnace
is reduced consistently, the pig iron castings are non-porous, and that charges can be added after
each tap to show continuous casting is achievable as in industrial settings. A copy of the
developed procedure to operate the furnace has been included as Appendix B.
A final operation test melt was successfully completed on August 22nd, resulting in steady
iron taps and numerous gas collections (15+ liters). Figure A.7 samples the tapping of iron into
premade sand molds on this evening.
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Figure A.7

Sample images of blast furnace tapping.

(a) Tapping the furnace, (b) Iron poured into a small ingot and large block mold, and (c)
Scraping the trough to prevent solidification before iron reaches the mold.
A.4.4

Reactor Design
Currently, the reactor is still under discussion to determine the final design. Stainless

steel tubing, from the gas collection system heat exchanger, will be run from the furnace directly
to the reactor. The proposed design has been altered to include a two-stage reaction setup similar
to MSFC’s Bosch reactor. The carbon dioxide will be separated from the exhaust flow via a
membrane and fed into a reverse water gas shift (RWGS) reactor. Carbon monoxide will be
separated similarly. The output of the RWGS reactor is carbon monoxide and water; therefore,
this output and the exhaust-sourced carbon monoxide will be input to a carbon monoxide
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hydrogenation reactor. The hydrogenation reactor then results in the desired solid carbon
byproduct and more water. The reactor design will be further developed and designed in Year 3.
A.5

Project Closing
Due to funding, this project was not carried forward into Year 3. However, the

knowledgebase from the two years of work in this project brought with it the foundation of this
dissertation, starting with Chapter 3.
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APPENDIX B
CUPOLA BLAST FURNACE OPERATION
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B.1

Overview and Warnings
A cupola blast furnace facility was constructed at Mississippi State University (MSU) at

the Edwards building. The following operation sequence was initially based on “Iron Melting
Cupola Furnaces for the Small Foundry” by Stephen Chastain (ISBN: 0-9702203-0-8) and was
modified to reflect the use of the facility at MSU. This sequence was originally written on
February 1, 2018 and was revised April 23 and August 20, 2018.
In operation of this cupola, there are some precautions that should be taken. Blast
furnaces generate large amounts of CO. Care should be taken to ensure that CO monitors are
worn by all operators/participants, even if they are not the ones directly operating the furnace.
Those that are operating the furnace should always wear steel toed, leather footwear (no laces)
and long cotton pants (jeans or similar). Operators should also wear respirators and fire
protective suits (trench coat, shin/foot covers, gloves, and hood with hardhat inside). Hearing
protection is recommended as the blower is very loud. All of this PPE will leave the operators
with reduced visibility and hearing capacity. With this, operators and participants should have
designated rolls and communication should be predetermined through a series of hand gestures
or sign language. Coordination between operators is paramount and tripping hazards should be
minimal.
It was noted through the operation of this furnace that due to the immense heat generated
that the weather should be considered. Do not operate the furnace in the rain. If the heat index is
greater than 85°F at the peak of the day, it is recommended that artificial lighting is used and the
furnace is operated at night. This will significantly reduce the chances of dehydration or heat
exhaustion. Special care will need to be used for night-burns.
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B.2

Setup
1. To set up the work area, first a chain should be marked to note the proper coke (coal)
bed height. The chain should run from the charge door to a location 24 in above the
tuyeres.
2. Fill the sand pit surrounding the furnace with all-purpose sand. Slope the sand towards
the middle, and down towards the iron port so that the lowest point is at the iron port
and no drips can run out of the pit.
3. Ensure that the ingot molds are prepared for iron tapping/casting. This can be made
with casting sand in a wooden box.

B.3

Weighing Charges
1. The coke must be sieved to verify it is the proper size. Generally, the coke should be
1/12 the inner diameter of the furnace, i.e., for a 12 in furnace, the average should be 1
in. In this case, use two screens: the first should contain 0.75 in holes to eliminate
smalls, and second with a 1.5 in to filter out larges. These larges can be recycled by
breaking up with a hammer and running back through the screens.
2. Fill 1-10 buckets with 50 lb of iron ore. This furnace tended to operate best at a 1:5
ratio of coke:iron.
3. Fill 1-10 paper bags with coke. Please a back of coke in each bucket of iron ore and
place them near the ladder that is placed for loading through the charge door.

B.4

Make the Bottom
1. Use a 3:1 mixture of all-purpose sand and Mississippi clay (red clay). Line the bottom
of the furnace and compact with a long rod that has a flat plate welded to the end.
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Ensure the bed is 2 in deep and sloped towards the iron port/tap at a rate of 0.5 in per
foot.
2. Fillet the edges of the sand to ensure molten iron cannot escape the furnace through the
drop door.
B.5

Make the Slag Hole
1. Build a mound of refractory or a refractory/clay mixture on the slag door.
2. Pierce the mount with a piece of 0.5 in rebar.
3. Ensure there are no possible leak locations for molten iron to flow through other than
the rebar hole.

B.6

Lighting and Burning of the Bed
1. Open the tuyeres.
2. Light the coke with paper, charcoal briquettes, and lighter fluid.
3. Place a light blast with the blower (0.25 in H2O) to encourage the burn.
4. Add coke in small batches and wait until the coke is fully ignited. Keep adding coke
until the burning bed is over the tuyeres.
5. Check the bed height with the chain marked from Step B.1.
6. When the burning bed is loaded to the chain mark, add 2 to 3 in of coke into the bed.
7. Apply a blast of 1.5 in H2O with the blower to preheat the furnace until the bed is
burned back down to the chain mark.

B.7

Make the Tap Hole
1. Ram refractory or refractory/clay mixture into the void left around the tap hole.
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2. Do not piece with rebar as was done with the slag hole. This can cause an iron plug to
form, and it is nearly impossible to break this out without shutting down the furnace.
3. Allow the furnace to burn and cure the tap hole. This allows for easier iron tapping
later.
B.8

Charging the Furnace
1. Fill the furnace with the pre-weighed charges of iron ore and coke, with iron ore
poured first, until the furnace is full. This furnace would normally hole 1-2 charges.

B.9

Soak or Preheat
1. Turn off the blower and let the cupola sit with no blast and the tuyeres and slag hole
open for about 25 minutes. Now is a good time to practice the tapping process (Step
B.11).

B.10

Reduction of Iron Ore
1. Apply a blast with the blow at 1.5 in H2O. The charges will settle; do not be alarmed.
2. After 8-10 minutes, iron should be visible at the taphole when pierced. If this is not
seen after 12 minutes, increase the blast to 2-3 in H2O to burn off excess coke.
3. The first iron poured will be cold and could freeze in the tap hole and spout. If this
happens, ram a piece of rebar through the hole to burst the frozen iron. Do this quickly
to avoid welding the rebar inside the hole.
4. Bod (fill) the taphole back closed with the iron starts to solidify in the trough.
5. Charge the cupola with another bag/bucket if desired.
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B.11

Iron Tapping
1. Use a piece of rebar to ram a hole through the tap hole. If the hole is frozen, use a 2 lb
hammer to break the iron plug, again being fast to avoid welding.
2. Allow the iron to pour from the tap hole until the first sign of slag is seen. Once slag is
seen, immediately close the taphole.
3. If a larger iron charge is being loaded (>55 lb), the slaghole will need to be closed with
a clay bod/plug.
4. Add another charge is desired.
5. Wait 4-5 minutes before tapping the furnace again.
6. When the final tap is completed, and all remaining liquid iron is out, bod the tap and
slag holes closed, turn off the blower, close the tuyeres, and allow to cool.

B.12

Dropping the Bottom
1. Dropping the bottom is not necessary to do immediately. It is recommended to wait at
least 12 hours to avoid hot coals. CAUTION: HOT!! This is an optional step. See
Section B.13.
2. Rotate the door plate to release the drop door.
3. Use the tapping bar to prod and rupture the sand bottom. Move away immediately.
4. Prod the bottom again to ensure nothing is lodged.
5. Spray any hot coals on the ground with water and stay clear to avoid steam/hot water
burns.
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B.13

Clean-Out
1. Wait at least 12 hours from shutdown, preferably 18 hours, to allow the furnace to cool
adequately.
2. Use a hammer and chisel or pneumatic chisel to break out slag taking special car to not
remove the smooth glaze on the furnace lining.
3. Break out and clear the tap hole with a steel rod or rebar and a hammer. Ensure the
lining is smooth and free of large lumps.
4. Use a pickaxe to break the sand bottom free. Use a pointed bar or chisel with a
hammer to break out remaining bottom material.
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APPENDIX C
GAS COLLECTION SYSTEM OPERATION
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C.1

Overview
The gas collection system was designed and constructed by two teams of senior design
students form the Department of Mechanical Engineering at Mississippi State University.
The system uses a coil of stainless steel tubing to cool the exhaust gasses form the
furnace with a fixture at the end to collect the gas in Cole-Parmer Kynar bags (160°F
maximum rating).

C.2

Operation and Collection
1. To collect a sample, first ensure the large valve is open at the end of the heat
exchanger. Failure to do this should choke the furnace and put out the fire inside.
2. Close the value at the spark arrestor (located on the ground). This diverts exhaust gas
from the exit to the heat exchanger. If the flowrate measured at the manometer drops,
use the flow adjustment valves to increase flowrate.
3. Use one of the CO monitors at the exit of the heat exchanger and wait until CO is
registered in the flow exiting the valve.
4. Once CO is measured, use the rubber hose to connect to one of the Kynar bags.
5. Use a thermocouple to measure the temperature of the cooled gas to ensure it is not
above 160°F.
6. Close the valve and allow the Kynar bag to fill with exhaust.
7. Once the bag is full, open the valve at the exit.
8. Repeat Steps 6-7 as needed.
8. Open the valve at the spark arrestor. Continue blast furnace operation.
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